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Abstract. The article presents the results of research on temperature
sensitivity of ground rubber modified asphalt binders. The tests were
performed for 50/70 penetration grade road bitumen and two kinds of
granulated rubber: activated and inactivated. Such parameters of asphalt
binders as: penetration, softening point, dynamic shear modulus and phase
angle have been determined and on this basis the temperature susceptibility
of the reference bitumen and asphalt binders modified by activated and
inactivated rubber have been determined. All the tests were carried out for
three observation levels: without aging and after aging simulations carried
out by RTFOT and PAV methods. The tests revealed that addition of
granulated rubber has a positive influence on asphalt binder properties,
even after the aging process, causing an increase in the softening point and
a decrease in penetration and the phase angle of asphalt binder. Asphalt
binders obtained in result of modification by addition of rubber show
smaller temperature susceptibility than the reference bitumen (without
addition of rubber). Also, a positive impact of aging on the temperature
susceptibility was observed for the investigated binders.

1.

Introduction

Nowadays, more and more attention is being paid to ecological solutions (protecting the
environment). It also applies to road engineering whose research centers search for new
materials and trying to identify development directions for material-technological solutions
which take into account the rules of sustainable development [1]. One of additives used for
production of asphalt mixtures is crumb rubber recovered from used car tires. Rubber scrap
is very harmful to the natural environment due to its very long degradation period, reaching
even more than 100 years. Therefore, its reusing is a very good utilization method,
especially that, due to the development of motorization industry, the number of tires is
constantly increasing and subsequently, rubber scrap needs to be managed in an ecological
manner. Thus, the issues raised in our article fit into the subject of sustainable development.
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One of the materials most commonly used in road pavements is bitumen which blended
with aggregate and filler at high temperature makes up a Hot Mix Asphalt (HMA). It is
supposed to bind all the components of asphalt mixture. Bitumen belongs to
thermorheological materials. In result of heating, bitumen gradually changes from solid to
liquid state which leads to viscosity reduction. However, when cooled, it changes from
liquid to solid state which is accompanied by an increase in its viscosity and stiffness
modulus. The type of asphalt binder and its properties have a large influence on properties
of the asphalt mixture which, subsequently affects performance of the road pavement.
The properties of road bitumen depend on temperature and time of loading. Therefore, it
is necessary to increase the viscoelastic range of asphalt binder to maintain its rheological
state, despite extremal temperatures reached by the pavement during service. A wide range
of viscoelasticity can be obtained through the bitumen modification which involves adding
appropriate amounts of modifying agents which include: fibers (polyester, polypropylene,
mineral wool, cellulose), sulfur, natural asphalts (e.g.. Trynidad Epuré, Gilsonite), fillers,
organometallic compounds, polymers, or synthetic wax.
By using modifying additives in asphalt binder it is possible to obtain the following
effects: decreasing temperature susceptibility [1÷8], increasing viscosity [6,9], increasing
dynamic shear modulus at high temperatures and its decreasing at low temperatures
[2,4,5,8], reduction of Fraass breaking point [7], raising the softening point [6,8,9],
penetration value change [6,9].
Used tire rubber is considered to be an asphalt binder modifier. The obtained ground
rubber can be added directly to bitumen (wet ‘modification’) or to asphalt mixture, through
replacement of a part of fraction of aggregate (‘dry’ modification). Rubber crump addition
by the ‘wet’ method or the ‘dry’ one has a positive influence on different properties of
asphalt binder as well as asphalt mixture, which is confirmed by a great number of tests
[4,5,6,7,8,9,10,11,12,13,14]. The influence depends on the degree of fineness and the
amount of used granulated rubber which affect the bitumen viscosity, its rheological
properties, softening point change, the binder penetration and values of dynamic shear
modulus [15,16,17,18].

2.

Research subject

The aim of the study was to assess the influence of road bitumen selected properties,
especially on its temperature susceptibility and resistance to aging. 50/70 penetration grade
bitumen, commonly applied in asphalt pavements, was used for the tests. The tests were
performed for three kinds of binder: reference bitumen 50/70 (with no addition of rubber),
asphalt binder 50/70 with addition of 15% (m/m) activated rubber and asphalt binder 50/70
with addition of 15% (m/m) of inactivated rubber.
The process of activation was performed with the use of a production line consisting of
the following elements: electromagnetic mill with a generator of microwaves, centrifugal
rotor turning with the supersonic speed and other auxiliary equipment. The ground car tire
rubber was successively processed, initially by means of mechanical- chemical activation,
next it was subjected to synthesis and nano-synthesis. It allowed to obtain a new material
whose structure is very similar to polymer structure [19].
All binders were tested for their rheological and functional properties at three
observation levels: unaged, subjected to short term aging and then long term aging. On the
basis of the carried out tests assessment of temperature susceptibility was performed for
unmodified bitumen and crump rubber modified asphalt binders.
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3.

Asphalt binders research methodology
3.1. Determination of bitumen penetration and softening point

Penetration and softening temperature belong to the basic properties of asphalt binders.
Penetration is the measure of consistency (stiffness) of the binder. Softening point value
defines the conventional, upper boundary of the viscoelastic state.
Determination of penetration with the use of a needle is performed according to the
standard PN-EN 1426:2015-08 Bitumen and bituminous binders. Determination of needle
penetration. The test involves determination of depth (in 0.1 mm), a penetration needle with
mass 100 g enters a specimen of bitumen in time of 5 s at 25°C.
Determination of softening point is carried out according to Ring and Ball method
described in the standard PN-EN 1427:2015-08 Bitumen and bituminous binders Determination of the softening point - Ring and ball method.
3.2. Determination of rheological properties of asphalt binders by Dynamic
Shear Rheometer (DSR) method
The test in a rheometer DSR is carried out in order to define complex rheological
properties of asphalt binders – viscoelastic materials. The test involves determination of
complex shear modulus G* and phase angle δ.
Value G* is expressed as a ratio of maximal value of shear stress to the maximal value
of strain. Value δ is a difference of phases between strain and stress in case of harmonic
vibrations occurrence. When δ=90˚, then asphalt binder can be considered an ideally
viscous liquid, whereas when δ=0˚, the material is found to be an ideally elastic body [20].
It is assumed that between these two boundary values, asphalt binder exhibits viscoelastic
properties. The above values can be defined in the following way:
| ∗ | =   +  

(3.2)

 ∗ =   + ′′

(3.2)

or as a complex number:

and
= tg
where:

′′
′

  = | ∗ | cos

(3.3)

- is a storage modulus, which defines the material ability to
store energy (real part of complex shear modulus);
  = | ∗ | sin – is a loss modulus which defines the material ability to
dissipate energy (imaginary part of complex shear modulus);
"
 =  is a damping factor;

i – is an imaginary unit described by the equation   = −1;
| ∗ | - dynamic shear modulus;
 ∗ - complex shear modulus
–phase angle.
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The test in Dynamic Shear Rheometer was carried out according to the standard PN-EN
14770:2012 Bitumen and bituminous binders - Determination of complex shear modulus
and phase angle using a Dynamic Shear Rheometer (DSR). The test procedure involved
placing an asphalt binder specimen with mass of 0.100÷0.105 g on a measurement head
(plate) with diameter of 8 mm., which was thermostated for 10 min. in the temperature of
testing. After thermostating process a measurement was started, for constant angular
frequency equal to 10 rad/s and in a fixed temperature, starting with 82˚C, and next
gradually (every 1˚C) down to 0˚C.
3.3. Test of asphalt binder resistance to aging
The asphalt binders were also subjected to aging: short term aging simulated in
accordance with the standard PN-EN 12607-1:2014-12 Bitumen and bituminous binders.
Determination of the resistance to hardening under influence of heat and air. RTFOT
method, and next long term aging simulated according to the standard PN-EN 14769:2012
Bitumen and bituminous binders - Accelerated long-term ageing conditioning by a Pressure
Ageing Vessel (PAV).
RTFOT (Rolling Thin Film Over Test) method involves putting a thin film of an asphalt
binder under the impact of heated air at a period of time equal 75±1 min. Bitumen specimen
is poured to glass bottles which are successively placed in a turning disc turning with the
speed 15,0±0,2 rpm, placed in a laboratory oven and exposed to temperature 163˚C ± 1˚C
and compressed air with flow rate 4,0 l/min ± 0,2 l/min and maximum pressure 200 kPa.
RTFOT method simulates changes within the structure and properties of asphalt binder
occurring during technological processes of asphalt mixture production and paving (mixing
the aggregate with bitumen, transport of asphalt mixture, paving and compacting of the
asphalt layer).
PAV (Pressure Aging Vessel) method involves exposing a specimen of the binder to the
impact of air under pressure 2.1 MPa ± 0.1 MPa in time of 20 h at 90˚C, 100˚C or 110˚C,
sustained with tolerance of ± 0,2˚C. The asphalt binder tested by this method must first be
subjected to aging by RTFOT. In the tests performed as part of this study the binder
resistance to aging was assessed by means of PAV method in temperature 100±0,2˚C. PAV
method simulates changes that occur in the asphalt binder during long term operation of the
asphalt pavement (app. 10. years).
3.4. Determination of values characteristic of asphalt binder temperature
susceptibility
Temperature susceptibility of a binder is commonly defined by means of penetration
index which is determined on the basis of the asphalt binder softening point and
penetration. Penetration index specifies how the asphalt binder changes its consistency
(stiffness) in relation to temperature changes. The higher value of the penetration index the
lower asphalt susceptibility to temperature changes. Penetration index (PI) is determined
using the following formula [21]:
 =

1952 − 500 log( ) − 20
50 log( ) −  − 120

where:
PI – penetration index, [-];
Pen25 – penetration of a binder at 25˚C, [mm/10];
TPiK – softening point of a binder, [˚C].
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Temperature susceptibility of the binder can also be defined by means of SMI - Shear
Modulus Index. This index is determined from the value of dynamic shear modulus
obtained using Dynamic Shear Rheometer for a wide range of temperatures that occur
during operation of road pavements (in this case from 82°C to 0°C), much wider than for
determination of the penetration index. It enables more accurate assessment of temperature
susceptibility. SMI index is determined on the basis of Walther’s formula [2]:
/ =

log log!∗ ! − log log!∗ !
log( + 273,15) − log( + 273,15)

(3.2)

where:
SMI – Shear Modulus Index (describing the temperature susceptibility of the
binder)
!∗ ! - dynamic shear modulus at T1, [Pa]
!∗ ! - dynamic shear modulus at T2, [Pa]
 ;  – initial and final temperature in DSR tests (T1>T2), [˚C]; T1=82°C,
T2=0°C was assumed.

4.

Analysis of results
4.1. Penetration Index PI

The results of penetration and softening point of the analyzed asphalt binders are
presented in table 1, whereas table 2 includes values of asphalt binders penetration index.
The tests results are presented as the arithmetic mean values and uncertainty interval
determined at significance level α=0.05 according to the methodology described in [22].
Addition of rubber granulate, both activated and inactivated, causes reduction of asphalt
binder penetration. Activated rubber modified asphalt binder exhibits higher toughness as
compared to inactivated rubber modified one. Penetration decrease is so big that there
follows a shift of bitumen in classification taking into account penetration at 25˚C - from
50/70 to 35/50. After RTFOT aging the asphalt binders modified with activated rubber
revealed penetration decrease, whereas, for binders modified with inactivated rubber a
decrease in penetration was reported. As regards RTFOT and PAV aging methods, it was
observed that modification with rubber (activated and inactivated) caused an increase in
binder penetration. However, changes in the value of penetration for asphalt binders
subjected to the aging processes are significantly smaller than before aging.
The influence of granulated rubber is also observed in the case of softening point
values. Addition of 15% of rubber to the bitumen increased the softening point, whereas,
the highest increase was reported for inactivated rubber – by app. 19% as compared to the
reference bitumen (unaffected with the process of aging). The same dependency was found
for asphalt binder affected by aging RTFOT and PAV (increase by app. 12% as compared
to the reference bitumen after the process of aging RTFOT and PAV). Softening point
increase was also observed for asphalt binder exposed to aging RTFOT, however, the
increase is higher than before and after aging RTFOT and PAV. It needs to be noted that, in
this case, a bigger increase in the softening point was obtained after adding activated rubber
to bitumen (softening point 14°C higher than for the reference bitumen after RTFOT).
Addition of granulated rubber (both activated and inactivated) has a positive impact on
asphalt binder temperature susceptibility through increasing the value of penetration index
for all observation levels – before and after aging RTFOT and RTFOT + PAV, as compared
to the reference bitumen. The process of aging, both RTFOT and RTFOT+PAV caused an

5

MATEC Web of Conferences 222, 01016 (2018)

https://doi.org/10.1051/matecconf/201822201016

ORSDCE 2018
increase in the penetration index for all the analyzed kinds of asphalt binders – the
reference one and activated and inactivated rubber modified ones. The highest values of
penetration index were reported for the tested asphalt binders after RTFOT and PAV aging.
Table 1. Results of determination of penetration and softening point of the investigated asphalt
binders

Asphalt binder

50/70
50/70 + 15%
ACTIVATED
RUBBER
50/70 + 15%
INACTIVATED
RUBBER

Penetration at 25˚C [mm/10]
after
Before
after
RTFOT
aging
RTFOT
+PAV
56,9±
36,6±
20,4±
0,3
0,5
0,7

Softening point [˚C]
after
Before
after
RTFOT
aging
RTFOT
+PAV
49,3±
54,6±
63,4±
0,2
0,3
0,5

41,9±
1,0

35,8±
0,7

22,8±
0,8

55,9±
0,5

68,6±
0,2

68,6±
0,4

46,6±
0,6

38,2±
0,8

25,1±
0,5

58,9±
0,2

62,6±
0,3

71,4±
0,4

The highest values of penetration index were reached for inactivated rubber
modified asphalt binders – this effect was achieved for all observation levels. Before the
process of aging, PI value for inactivated rubber modified asphalt binder increased by 1.72,
whereas, for activated rubber modified binder, the value increased by 0.84, as compared to
the reference one. After RTFOT aging the non-activated rubber modified asphalt binder
reached PI value higher by 1.70 than the reference one after RTFOT aging (for activated
rubber modified asphalt binder the value of PI was by 0.78 higher than for the reference one
after RTFOT). After RTFOT and PAV aging PI value of reactive rubber modified asphalt
binder increased by 1,69, whereas for activated rubber modified one it increased by 1.06 in
comparison with the reference bitumen after RTFOT and PAV aging.
Table 2. Values of the tested asphalt binder penetration index

Penetration index
Asphalt binder
50/70
50/70 + 15% ACITIVATED
RUBBER
50/70 + 15% INACTIVATED
RUBBER

Before aging

After RTFOT

-1,08±0,04

-0,82±0,04

After
RTFOT+PAV
-0,25±0,07

-0,24±0,09

-0,04±0,04

0,81±0,06

0,64±0,03

0,88±0,05

1,44±0,05

4.2. Shear Modulus Index SMI
Figures 1-6 show the results of asphalt binders tests carried out for a wide range of
temperatures (from 0˚C to 82˚C) by the method of Dynamic Shear Rheometer (DSR).
Figures 1-3 show diagrams of the dynamic shear modulus | ∗ | in relation to temperature,
whereas, figures 4-6 depict diagrams of phase angle δ dependency, in relation to
temperature. It can be observed, on the basis of the tests results, that the diagrams of
dependence | ∗ | = #() and
= #() show significant differences in the modified
asphalt binders properties, as compared to bitumen without addition of rubber, and slight
differences between properties of activated and inactivated rubber modified asphalt binders.
The highest inclination of diagram | ∗ | = #() has been observed for the reference 50/70
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penetration grade bitumen, whereas, for rubber modified asphalt binders the inclination
decreases. It confirms the conclusion that addition of rubber decreases temperature
susceptibility of asphalt binders. Modification of bitumen with rubber has also a positive
influence on the phase angle which has significantly decreased, especially in the range of
high surface operation temperature (especially above 30˚C). It reflects improvement in
elastic properties of asphalt binders through their modification with addition of granulated
rubber.
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Fig. 1. Dynamic shear modulus in relation to temperature of unaged asphalt binders
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Fig. 2. Dynamic shear modulus in relation to temperature of the binders subjected to
RTFOT aging
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Fig. 3. Dynamic shear modulus in relation to temperature of the binders subjected to
RTFOT and PAV aging
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Fig. 4. Phase angle in relation to temperature of unaged asphalt binders
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Fig. 5. Phase angle in relation to temperature of the binders subjected to RTFOT aging
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Fig. 6. Phase angle in relation to temperature of the binders subjected to RTFOT and PAV aging

Values of the shear modulus index SMI are presented in table 3. Addition of
granulated rubber, both activated and inactivated, had an impact on reduction of SMI
values, as compared to the reference bitumen, which proves its positive influence on asphalt
binder temperature susceptibility. The lowest SMI values were observed for inactivated
rubber modified asphalt binder both before and after short term and long term aging. As for
activated rubber modified asphalt binder, lower SMI values before and after aging, were
observed than for the reference bitumen which shows an improvement in the temperature
susceptibility, slightly higher for inactivated rubber modified asphalt binder (4-8% as
compared to inactivated rubber modified asphalt binder).
On the basis of carried out tests it was observed that the process of aging has a
positive influence on asphalt binder temperature susceptibility. The values of the SMI were
found to be lower after aging than those before aging, for all the investigated binders. The
lowest values of the shear modulus index (for the reference bitumen, as well as for
activated and inactivated rubber modified asphalt binders) were reported for binders after
RTFOT aging, though, SMI values after RTFOT and PAV aging are only slightly higher
than after RTFOT aging (maximally 0.5%).
Table 3. Values of shear modulus index of the investigated asphalt binders

SMI0/82
Asphalt binders
50/70
50/70 + 15% ACTIVATED
RUBBER
50/70 + 15% INACTIVATED
RUBBER

5.

Before aging

After RTFOT

4,36

3,40

After
RTFOT+PAV
3,44

3,98

3,14

3,31

3,94

3,01

3,04

Conclusions

The following conclusions can be formulated on the basis of the results of tests
performed for activated and inactivated rubber modified asphalt binders.
a) Addition of granulated rubber (both activated and inactivated) has an influence on
raising the softening point and reduction of 50/70 bitumen penetration, which
causes a shift of the bitumen in classification concerning penetration determined at
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25°C from type 50/70 to 35/50, which means that in result of rubber addition,
bitumen has been stiffened. Similar changes in asphalt binder stiffness can be
observed on the basis of analysis of the impact of short and long term aging,
however, in this case the changes are smaller than for unaged bitumen.
b) Addition of rubber to 50/70 penetration grade bitumen causes an increase in the
value of the analyzed binder penetration index, both before and after short and long
time aging, whereas the lowest values of penetration index was found for the
reference bitumen, whereas the highest for inactivated rubber modified asphalt
binder. This proves that addition of rubber has a positive impact on a decrease in
temperature susceptibility of the analyzed binder which is a desirable effect.
c) The process of aging improves temperature susceptibility of investigated asphalt
binders through increasing penetration index PI (the highest values were obtained
for asphalt binders after RTFOT and PAV aging) and shear modulus index SMI
(the highest values were found for asphalt binders after RTFOT aging).
d) Addition of 15% of rubber (activated and inactivated) leads to reduction of the
dynamic shear modulus value at low temperatures and its increase at high road
pavement operational temperatures which confirms a positive impact of the rubber
addition on asphalt binders temperature susceptibility.
e) Addition of activated and inactivated rubber contributes to a decrease in asphalt
binder phase angle. This decrease is most visible for the high pavement operational
temperatures (over 30°C). On this basis, it can be concluded that addition of rubber
causes improvement of the binder elastic properties.
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