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Abstract: The addition of crumb rubber particles as bitumen modifier can be currently
considered as a well-established alternative to conventional polymers for bitumen
modification. However, Recycle Tyre Rubber (RTR) modified binders still present drawbacks
such as poor mix workability and hot storage stability. Within this study the authors try
unlocking the full potential of devulcanised tyre rubber-heavy oils blend, named Liquid
Rubber (LR), by exploring the possibility of tailoring recycled polymer modified bitumen with
unconventional high-content of RTR and designed to overcome the above mentioned
technological problems of RTR modified bitumen while keeping its advantages. Results show
that LR-bitumen blends incorporating up to 30% RTR in weight of total binder clearly improves
useful temperature interval of base bitumen by maintaining solubility values allowing them
to be considered stable at hot-storage temperature. Furthermore, the LR modifier allows
reducing usual manufacture temperatures up to 30°C by providing superior low and
intermediate temperature rheology, however high service temperature properties are

improved only at low strain.

Keywords: recycled tyre rubber, Liquid rubber, bitumen modification, storage stability,

asphalt rubber, no-agitation wet process
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1. INTRODUCTION

Bitumen modification has been carried out during decades in order to enhance performance
of conventional binder for asphalt mixtures. Traditionally, synthetic polymers of different
nature and functionality are used to enhance the resistance to the main distresses affecting
asphalt mixtures by increasing their useful temperature interval (UTI) [1]. However,
environmental concerns and economical savings opportunities have promoted the use of
recycled modifiers for bitumen. In particular, Recycled Tire Rubber (RTR) has been widely
studied due to the high saving of landfill space that its use implies and because of the good
performance it has shown as bitumen modifier [1]-[4].

When RTR is used as a modifying agent for bitumen, it is called crumb rubber modifier (CRM),
while the method of modifying bitumen with CRM before being incorporated into the mixture
is referred to as the Wet Process [5]. Bitumen — CRM interaction is material-specific and
depends on a number of basic factors, including processing variables (such as temperature,
time and applied shear stress), base binder properties (such as source and eventual use of oil
extenders) and CRM properties (such as source, processing methods, particle size and content
in binder) [6]—[9].

Depending on the adopted processing system and on the selected materials, the Wet Process
leads to two different technologies which main distinction is based on rotational viscosity of
the resulting rubberised binder at high temperature. On one hand, Wet process—high viscosity
is the traditional and more widely used technology obtained with mainly physical
modification process based on the swelling of 0-2mm CRM, reaction temperatures between
160°C and 260°C, reaction time varying from 45 minutes up to few hours and usually low
shear processing [9]. The final product allows obtaining a rubberised asphalt mix with benefits

that are basically linked to the binder’s increase in elasticity and viscosity at high
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temperatures [10], [11]. Rubberised asphalt mixtures obtained with this technology showed
longer lasting performance compared to the conventional ones [12], [13]. However, these
materials require an accurate blend design and non-conventional continuous agitation during
hot storage to keep the RTR particles uniformly distributed. Moreover, they could present
several operative drawbacks such low workability, poor binder storage stability and the fumes
it emits during the paving process due to high operative temperatures (even 180°C).

The second technology is known as Wet process—No agitation and aims at producing CRM
bitumen not occurring in phase separation of the modifier from the binder during storage or
transportation. For this purpose, CRM has to be fully digested/dissolved into the bitumen
without leaving visibly discrete particles. This process prevents the constant agitation needed
in Wet Process-High viscosity and improves particles distribution and hot storage stability of
blends. The idea behind Wet-process-No agitation binders is therefore obtaining a technology
more similar to polymer modified bitumen rather than the above mentioned Wet Process-
High Viscosity. Some successful no-agitation wet process technology, such as terminal blends,
are already used however they still need to be manufactured at refineries and do not allow
achieving the superior performance provided by both the conventional wet process and
polymer modification [5].

The objective of this paper is to investigate the feasibility of unlocking the full potential of a
liqguid polymer that has the potential to allow bitumen technologist to manufacturing in-
house storage-stable rubberised bitumen with very high-content of RTR. The above
mentioned liquid polymer was provided by innovator LLC and is named Liquid Rubber (LR). LR
is actually a family of semi-solid/fluid materials composed by a very high-percentage of RTR
plus other oils. In the recent past some LR was used in concrete [14] as well as bitumen

modifier by Fini et al. [15] who tested blends of bitumen and 15% LR showing that it can
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enhance its low-temperature characteristics but adversely affects the base bitumen elasticity
and thus its resistance to rutting. This investigation goes a step further and investigates the
potential of maximising the re-use of RTR in bitumen modification by incorporating LR as
modifier in proportions from 5% to 60%. The experimental programme consisted in
monitoring high temperature rheology (Rotational viscosity) at different temperatures, as
well as assessing service temperature rheological and performance-related properties of the
blends. At last, solubility tests have been performed to estimate the behaviours of the blends
during hot storage. In order to have a direct feel of the level of modification obtained by using
several concentration of LR, the measured properties have been compared with those of the
base bitumen as well as with a Styrene-Butadiene-Styrene Modified Bitumen (SBS-MB)

currently used for asphalt mixtures.

2. MATERIALS AND METHODS

2.1. Materials
In this study the LR, an innovative modifier incorporating 50% RTR and 50% oils, is blended
with a 40/60 bitumen in different proportions from 5 to 60% of the final binder. Liquid Rubber
is a technology supplied by Innovators LLC in USA and obtained with a proprietary process
composed from a digestion tank, a main reactor and a cooling unit. In the first two tanks the
#8 (2.36 mm) fibre and glass free RTR is subjected to a process of devulcanisation and mixed
with heavy oils derived from petroleoum and/or soy. The process is customisable, allows
having control of the off gases, and has a production rate of 12-25 gal/h of LR. The end product

is a sticky visibly homogeneous fluid that varying the composition and processing conditions
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can have different viscosities (Figure 1). No other details of the production process have been

disclosed to the authors.

Figure 1. Liquid Rubber (LR) aspect

As mentioned earlier, two different binders were considered as references for the comparison
of LR and bitumen blends, namely: conventional 40/60 penetration grade bitumen (40/60
bitumen) and SBS-polymer modified binder (SBS-MB). Conventional properties of these
binders are shown in Table 1. The LR is a modifier not a bitumen and therefore it was decided
not to perform its conventional characterisation. Instead a complete rheological
characterisation of the high-temperature viscosity (Figure 2) and intermediate-temperature
rheology (Figure 5) was carried out. Figure 2 reports the high-temperature viscosity of the LR
and the reference material. A significant non-Newtonian behaviour of LR was detected during
the test within the temperature range 135°C — 200°C. For this reason, all measurements are
referred to a speed of 100 rpm in the rotational viscometer. As a result LR presents viscosity

values that are higher than the control binders at all considered temperatures.

Table 1. Properties of conventional bitumen and SBS-M

40/60 bitumen | SBS-MB

Penetration at 25°C (dmm) — EN 1426 46 87
Softening Point (°C) —EN 1427 50.8 103
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Figure 2. Rotational viscosity at 100 rpm of the reference materials vs. temperature

2.2. Methods

2.2.1. LR-bitumen blends’ manufacture and high-temperature rheology
Rotational viscosity was the physical parameter controlled during the modification process.
Therefore, as starting point, rotational viscosity tests build-up by means of low-shear blending
protocol [17] were performed on the 40/60 bitumen and LR separately to assess their high-
temperature rheology which in turns provide technical information for the LR-bitumen blend
preparation.
Being the modifier in a liquid form, the blends were manufactured with very low-shear (200
rpm) by adapting a Brookfield Viscometer to operate as a mixer providing real-time viscosity
measurements under a controlled environment. The use of a Dual helical impeller (Figure 3)
allowed enhanced dispersion of the modifier during the mixing process [16]. When rubber
and bitumen are being blended, the viscosity of the blend increases up to a maximum value
(peak viscosity) and then suffers a plateaux or a noticeable decrease with the reaction time.

This stage is recognized as the peak of the modification process and was fixed at the point



130  where the viscosity did not increase more than 5% within 15 minutes [17]. The mixing was
131  then continued for one hour more in order to ensure the stabilization of properties having a
132  blending time of 75 minutes.
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134 Figure 3. The Dual Helical impeller adapted by [16]
135
136
137 Table 2. Manufactured 40/60 bitumen - LR blends
LR content Processing
BLENDS NOMENCLATURE TEMPERATURE
(%m/m) o
(°c)
5%LR 5 180
9%LR 9 180
29%LR 29 180
37.5%LR 37.5 180/150
50%LR 50 180/150
60%LR 60 180/150
138
139 LR percentages (in part of total mass) to blend with conventional bitumen were chosen
140  varying from 5% up to 60%. Blends were produced at 180°C, which is a common manufacture
141  temperature for rubberised binders. However, in order to have a clearer understanding of the
142  modification process and to explore potentials of this modifier, the blends with higher LR
143  percentages (over 29% LR) were also manufactured at 150°C. Figure 3. The Dual Helical impeller
144 adapted by [16]
145

146
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Table 2 shows the manufactured blends of 40/60 bitumen and LR where LR proportions are

expressed in part of total mass.

2.2.2. Estimating storage stability through solubility tests
In order to assess potential storage stability issues of bitumen-LR blends, solubility tests were
carried out. Tests were performed with standard configuration (EN 12592:20114). Only for
the highest LR content (over 37.50% of the total mass) modified solubility tests were required
because tire crumbs were not dissolved completely and remained in particulate form during
interaction with bitumen. The modified test is widely used for CRM blends and consists on
using a wider sieve size (#200 - 75um) [19]. This sieve prevents the equipment from getting
blocked due to bigger insoluble particles arising from the difficulties in the digestion/breaking
down of RTR particles during the manufacturing process of the blends.

2.2.3. Service temperature advanced rheological investigation
The core of the assessment was performed through rheological measurements carried out by
means of Dynamic Shear Rheometer (DSR) tests at asphalt mixtures service temperatures.
The controls and manufactured bitumen-LR blends were subjected to frequency/temperature
sweeps from 0.1 to 10 Hz and 0 to 80°C within their linear-viscoelastic range of strain. In these
tests, binders’ rheological properties were measured in terms of the norm of the complex
(shear) modulus, |G*| (Pa), and phase angle (viscoelastic balance of rheological behaviour),
5 (°). Once measured, the data were used together with the time-temperature-superposition-
principle (TTSP) and shift factors to produce master curves at 30°C. At this point, only the
blends judged to be the most promising were selected to continue with low-temperature

properties characterisation and performance-related properties.
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2.2.4. Performance-related tests and low-temperature characterisation

Multiple Stress Creep Recovery tests (MSCR) according to ASHTO T 350-14 and Time Sweep
according to J.P Planche et al. [18] tests were performed in order to evaluate respectively
rutting and fatigue resistance of binders. Both tests are performed in the DSR. MSCR test [20]
is used to assess binder ability to recover deformation, and consequently, their potential
resistance to rutting in the mixture. The test consists on the application of ten creep-recovery
cycles to a sample at different stress levels. Each cycle lasts 10 seconds, during which the
stress is applied for 1 second (creep) and then the sample is allowed to recover during 9
seconds (recovery). In this study, two levels of stress are considered: 0.1kPa and 3.2kPa. In
this sense, binders are evaluated within and without the linear-viscoelastic response range.
Tests were performed at 60°C by using the 25 mm parallel-plate geometry in the DSR.

On the other hand, Time Sweep is used to evaluate fatigue resistance [18]. In this test, binder
samples are subjected to a cyclic load in the DSR until failure. Failure criteria was selected as
the cycle in which the initial norm of the complex modulus drops 50% [19],[20], [21]. Tests
were carried out in stress-controlled mode at a frequency of 10Hz. Binders were tested at
20°C, which is an intermediate temperature at which fatigue phenomenon might take place,
and using the 8 mm parallel-plate geometry. Fraass Breaking point of the best LR-bitumen
blends was obtained according to the EN 12593:2015 in order to complete their

characterisation in the whole range of temperatures.

3. RESULTS AND DISCUSSION
3.1. LR-bitumen blends’ manufacturing and high temperature rheology

Figure 4 shows the high-temperature viscosity measurements of the LR-bitumen blends.
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Viscosity values were taken during the 75 minute — manufacture of the blends at 180°C and
150°C. It can be observed that LR provides an appreciable modification of bitumen properties
(higher viscosity) only when at least 37.5% of mass of bitumen is replaced. For all cases, LR
allowed achieving peak viscosity and properties stabilisation in less than 20 minutes. In
addition, it can be said that LR is a very different modifier from the CRM. Results show that,
regardless of the processing temperature, the reaction between LR and bitumen does not
involve any swelling process and/or devulcanisation, depolymerisation and further digestion
that are typical of bitumen modification with CRM [5]. Furthermore, LR-bitumen blends
manufactured at 150°C do not show undergoing a different modification process than those
manufactured at 180°C. This temperature is well below the typical processing temperature of

CRM-bitumen blends.
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Figure 4. Rotational viscosity at 100 rpm of the reference materials vs. temperature; (b) Rotational viscosity of the
blends vs. manufacture time

In Figure 4 it can also be observed that final viscosity of the blends is always below 1500 mPa.s
(even with 60% LR and 150°C manufacture temperature), which is a typical value for

conventional CRM modification [5]. These results show that LR-bitumen blends are far from
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being classified as High Viscosity - Wet process and that despite of the high amount of
recycled tire rubber that they contain, they could provide good workability towards a
significant reduction in asphalt concrete manufacturing temperatures and relative energy

consumption.

3.2. Hot storage stability through Solubility tests results
Solubility tests were carried out for the blends manufactured at 180°C. Modified EN 12592
permitted to easily perform solubility tests of the blends with higher LR content. Results are
shown in Table 3 where it can be observed that LR-bitumen blends have solubility almost
comparable to the neat bitumen. This fact would be favourable for hot storage stability and
allow classifying these binders as No Agitation — Wet process. In order to check the effect of
processing temperature, the 29% LHR blend manufactured at 150°C was also subjected to
solubility test showing that solubility is not affected by processing temperature. These results
were considered satisfactory to reach a conclusion on storage stability, hence solubility tests

on the LR itself were not been carried out.

Table 3. Solubility test results

% Soluble % Insoluble

BLEND Material Material
SBS-MB 99.15 0.85
Neat 99.93 0.07
5% LR 99.44 0.56
9% LR 99.05 0.95
29% LR 97.62 2.38
29% LR (150°C) 97.75 2.25
37.5% LR* 98.72 1.28
50% LR* 98.26 1.74
60% LR* 97.7 2.3

* Solubility tests performed with the modified configuration
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3.3. High and Intermediate service temperature rheology

Advanced rheological characterisation was performed for the reference materials and LR-
bitumen blends. However, only those blends showing a significant modification of bitumen
properties are shown in Figure 5 in terms of Black Diagrams and master curves at 30°C.

LR shows to be a complex material that is non-Newtonian and non-thermo-rheologically
simple. Black Diagrams are the rheology fingerprint of a material and LR-bitumen blends have
comparable behaviour to the SBS-MB. In particular, the blend with 60% of LR shows having a
very similar rheology to SBS-MB with similar stiffness and elasticity over the whole range of
temperatures and frequencies. LR provides the blends with the benefit of a more viscous
behaviour at low temperatures (higher value of phase angle), but with a much lower stiffness,
especially at high temperatures (low frequencies). Higher content of LR leads to blends with
higher elasticity but lower stiffness over the whole range of temperature and frequencies.
This isin line with the composition of the modifier that provides an overall decrease in rigidity
at intermediate and low temperatures, due to the enhanced elastic behaviour conferred by
the rubber and decrease in stiffness due to the oils fraction.

Figure 5 (b) shows that Black diagrams of the blends do not change whether they have been
manufactured at 150°C instead of at 180°C. In this sense, LR allows modifying bitumen with

high RTR content at a 30°C lower temperature than that used in classical processes with CRM.
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252 Figure 5. (a,b) Black diagrams; (c) Complex modulus master curves at 30°C; (d) Phase angle master curves at 30°C

253
254

255 3.4. Performance-related and low-temperature properties
256  MSCR tests and Time Sweeps were carried out to better investigate the performance of the
257  blends to resist different asphalt pavement distresses such as rutting and fatigue. Results are

258  shown in Figure 6.
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In Figure 6 (a), within the linear viscoelastic region (0.1 kPa), LR-bitumen blends perform well
as indicated by the high recovery that is higher than the 40/60 bitumen and comparable to
that of SBS-MB. This result appears to be in contrast to was found by previous researches [14]
and may be due to the nature of the LR or the different modification percentages. As the level
of stress increases, the modification is totally vanished and the material properties change.
This fact can be attributed to the absence of networking between the LR and the base
bitumen which in turns does not sustain higher strains and eventually breaks. The oil agent
contained in the LR might be the main factor that makes the modified material softer and
even weaker than neat bitumen. Higher content of LR leads to blends with lower recovery.
This shows an absence of a network between the modifier and the bitumen, which is
distinctive of commercially used SBS-MB. For this reason, 60% LR blend was discarded for

further tests.
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Figure 6. (a) MSCR tests results at 60°C; (b) Time sweeps results at 20°C

Fatigue results are displayed in Figure 5 (b) and show that LR blends have similar or lower
slopes than the 40/60 bitumen, meaning that susceptibility to strain level is not significantly
different. However, LR shows having much higher more loading cycles until failure for the
same initial strain (more than an order of magnitude), which leads to assess that LR
modification greatly improves fatigue life of 40/60 bitumen. On the other hand, when
compared to SBS-MB, the fatigue resistance of LR blends is comparable to the SBS-MB only
at high strain levels (>10% which happens is pavements with heavy traffic), however, as the
initial strain decreases, SBS-MB exhibits much longer fatigue life due to the lower slope of its
fatigue law. Therefore, LR-bitumen blends overall significantly increase fatigue-related of
conventional bitumen, while it shows the lack of a polymer network when compared to SBS-
MB who shows superior fatigue-related properties in both strain susceptibility and fatigue

life.
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Table 4. Fraass Breaking Point results

Pen 40/60 | SBS-MB | 37.5% LR 50% LR
Fraass Breaking Point (°C) -8 -19 -15 -25

At last, the binders were compared in terms of low-temperature properties. LR-blends low-
temperature rheology was deeply investigated in a previous investigation that clearly proved
how the oils present in the LR provides significant benefits to the LR-blends [14]. Hence, with
the aim of confirming this trend also by looking at conventional properties, in this
investigation the Fraass Breaking Point of the different binders was tested. Table 4 displays
that LR modification is able to decrease Fraass Breaking point of the bitumen more than 3
times in the case of the 50% LR blend. Furthermore, Fraass breaking points of LR-bitumen
blends are comparable or even better than that of SBS-MB. Although this test is not a strictly
performance-related test, Fraass breaking point is highly linked to low-temperature cracking
resistance of the material [22] and therefore it can be said that overall LR-bitumen blends
most-likely will improve low-temperature cracking behaviour of a conventional asphalt

pavement to a level comparable or even superior than SBS modified asphalt mixtures.

4. SUMMARY AND CONCLUSIONS
Recycling tyre rubber in asphalt pavement is a successful practice that is unfortunately not
use worldwide also due to important technological issues such as workability issues and the
lack of storage stability at high-temperatures. Liquid Rubber is a blend of heavy oils and
devulcanised recycled tyre rubber that allows an innovative delivery process for incorporating
tyre rubber in asphalt mixtures. This technology was explored in few previous investigations,
although none of the tried unlocking its full potential and shown that LR can allow

manufacturing superior bituminous binder incorporating unconventional high-content of
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RTR. For this purpose, conventional bitumen has been modified with different percentages of
the modifier, corresponding to up to 30 wt.% of recycled Tyre Rubber. Blends’ manufacturing
process was monitored in real-time through high temperatures rotational viscosity. In
addition, the effect of using different manufacturing temperatures was evaluated. LR-
bitumen blends were studied in terms of rheology, hot storage stability potential,
performance-related and low-temperature properties and were compared to the base
bitumen and a commercial SBS-MB. The following conclusions can be drawn:

- Overall, the selected LR is a non-Newtonian and non-thermorheologically simple
material that significantly decreases bitumen rigidity at low and intermediate
temperatures and, at the optimum content, can also provide a moderate increase in
resistance to plastic deformation of the base bitumen.

- LR-bitumen blends need much shorter processing time than standard asphalt rubber.
In fact, the LR do not show any sign of digestion/swelling during the manufacturing
and therefore seems not to require the high processing temperatures needed than for
the classical processes with CRM.

- Even with arecycled tyre rubber content of 30% in weight of total binder, these blends
have viscosities values well lower those of conventional asphalt rubber binders. This
of course can allow to significantly reducing asphalt manufacturing processing
temperatures as well as facilitating laying and compaction issues typical of rubberised
asphalts.

- LR-bitumen blends have very high solubility that indicates their potential to obtain
good storage stability. These facts allow classifying these blends as No Agitation — wet

process technology.
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- LR-bitumen blends exhibits comparable rheology to commercial SBS-MBs. When
optimum dosage is achieved they show superior low-temperature properties, due to
the presence of heavy oils, longer fatigue-life than conventional bitumen although
they generally have not satisfactory stiffness and elastic recovery at high service
temperatures. These facts could be both attributed to the lack of structured network

which is instead a distinctive characteristic of polymer modified bitumen

Overall, results showed that liquid rubbers technologies could be already used in many
application within the bitumen industry, although further research should focus on
investigating the ageing potential of these blends. Currently, authors are also investigating

suitable solutions for improving LR-bitumen blends resistance to plastic deformations.

ACKNOWLEDGEMENTS
This work is part of a research project sponsored by a KTP Programme (Knowledge Transfer

Partnership No. KTP9265). The authors gratefully acknowledge its financial support.

REFERENCES

[1]  Y.Yildirim, “Polymer modified asphalt binders,” Constr. Build. Mater., vol. 21, no. 1,
pp. 66—72, Jan. 2007.

[2] Y. Huang, R. N. Bird, and O. Heidrich, “A review of the use of recycled solid waste
materials in asphalt pavements,” Resour. Conserv. Recycl., vol. 52, no. 1, pp. 58-73,
Nov. 2007.

[3] P.Kumar, H. C. Mehndiratta, and K. Lakshman Singh, “Rheological properties of
crumb rubber modified bitumen-A lab study,” J. Sci. Ind. Res. (India)., vol. 68, no.
September, pp. 812-816, 2009.

[4] S.-J. Lee, C. K. Akisetty, and S. N. Amirkhanian, “The effect of crumb rubber modifier
(CRM) on the performance properties of rubberized binders in HMA pavements,”
Constr. Build. Mater., vol. 22, no. 7, pp. 1368-1376, Jul. 2008.



363
364

365
366
367

368
369
370

371
372
373

374
375
376

377
378
379

380
381
382

383
384
385

386
387

388
389
390

391
392
393

394
395
396

397
398
399

400
401
402

403
404

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

D. Lo Presti, “Recycled Tyre Rubber Modified Bitumens for road asphalt mixtures: A
literature review,” Constr. Build. Mater., vol. 49, pp. 863—-881, 2013.

K.-D. Jeong, S.-J. Lee, S. N. Amirkhanian, and K. W. Kim, “Interaction effects of crumb
rubber modified asphalt binders,” Constr. Build. Mater., vol. 24, no. 5, pp. 824831,
2010.

C. Thodesen, K. Shatanawi, and S. Amirkhanian, “Effect of crumb rubber
characteristics on crumb rubber modified (CRM) binder viscosity,” Constr. Build.
Mater., vol. 23, no. 1, pp. 295-303, 2009.

F.J. Navarro, P. Partal, F. Martinez-Boza, and C. Gallegos, “Influence of Crumb Rubber
Concentration on the Rheological Behavior of a Crumb Rubber Modified Bitumen,”
Energy & Fuels, vol. 19, no. 5, pp. 1984-1990, Sep. 2005.

D. Lo Presti, G. Airey, and P. Partal, “Manufacturing Terminal and Field Bitumen-Tyre
Rubber Blends: The Importance of Processing Conditions,” Procedia - Soc. Behav. Sci.,
vol. 53, pp. 485-494, 2012.

N. S. Mashaan, A. H. Ali, M. R. Karim, and M. Abdelaziz, “Effect of crumb rubber
concentration on the physical and rheological properties of rubberised bitumen
binders,” Int. J. Phys. Sci., vol. 6, no. 4, pp. 684—-690, 2011.

W. C. Ching and W. Wing-gun, “Effect of crumb rubber modifiers on high temperature
susceptibility of wearing course mixtures,” Constr. Build. Mater., vol. 21, no. 8, pp.
1741-1745, Aug. 2007.

A. H. Ali, N. S. Mashaan, and M. R. Karim, “Investigations of physical and rheological
properties of aged rubberised bitumen,” Adv. Mater. Sci. Eng., vol. 2013, pp. 1-8,
2013.

S. Huang, “Rubber Concentrations on Rheology of Aged,” J. Environ. Eng., vol. 20, no.
March, pp. 221-229, 2008.

E. H. Fini, S. Hosseinnezhad, D. J. Oldham, and B. K. Sharma, “Investigating the
effectiveness of liquid rubber as a modifier for asphalt binder,” Road Mater.
Pavement Des., no. March, pp. 1-16, 2016.

Liu, Y., Tang, L., Ai, S., Liu, Z., He, T., Jiang, Z., Fang, D. Design and mechanical
properties of liquid rubber-based concrete (2013) International Journal of Applied
Mechanics, 5 (1), art. no. 1350009,

D. Lo Presti, C. Fecarotti, A. T. Clare, and G. Airey, “Toward more realistic viscosity
measurements of tyre rubber—bitumen blends,” Constr. Build. Mater., vol. 67, Part B,
no. 0, pp. 270-278, 2014.

B. Celauro, C. Celauro, D. Lo Presti, and A. Bevilacqua, “Definition of a laboratory
optimization protocol for road bitumen improved with recycled tire rubber,” Constr.
Build. Mater., vol. 37, pp. 562-572, 2012.

Planche, J.P., Anderson, D.A., Gauthier, G. Y. M. Le HirD. Martin. Evaluation of fatigue
properties of bituminous binders, Mat. Struct. (2004) 37: 356.
https://doi.org/10.1007/BF02481683

A. Ghavibazoo and M. Abdelrahman, “Composition analysis of crumb rubber during
interaction with asphalt and effect on properties of binder,” Int. J. Pavement Eng.,



405

406
407
408

409
410

411
412
413

414

[20]

[21]

[22]

vol. 14, no. 5, pp. 517-530, Jul. 2013.

Y..Kim, H.. Lee, and D. . Little, “Fatigue characterization of asphalt concrete using
viscoelasticity and continuum damage theory,” J. Assoc. Asph. Paving Technol., vol.
66, pp. 529-569, 1997.

H. Di Benedetto, C. de La Roche, H. Baaj, A. Pronk, and R. Lundstrom, “Fatigue of
bituminous mixtures,” Mater. Struct., vol. 3, no. 3, pp. 202-216, 2014.

M. . Claxton and P. . Green, “The classification of bitumens and polymer modified
bitumens within the SHRP Performance Grading system,” in The asphalt yearbook
1999, I. of A. Technology, Ed. 1999, pp. 59-65.



