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Executive summary
The vast majority (~90%) of European roads are paved with asphalt material. At the end of
the service lifetime of a road, when the damaged pavement cannot further fulfil its purpose
as a comfortable carrier of traffic, the road pavement must be renewed. The Re‐Road project
aims to develop knowledge and innovative technologies for enhanced end of life strategies
for asphalt road infrastructures. Such a strategy has an important impact on the energy
efficiency and the environmental footprint of the European transport system and fits within
the life‐cycle thinking which is being introduced in waste policy at European level.
In addition to traffic loading, asphalt surface courses are subjected to long-term aging due to
the direct exposure to air (oxygen) and sunlight (UV-radiation) as well as high temperatures.
Therefore, asphalt surface courses have to be maintained repeatedly during the total service
life of the flexible pavement. Usually, the surface course is milled and replaced by a new
surface layer. Asphalt mixtures for surface courses usually contain high-quality asphalt
components in order to meet the enhanced requirements for traffic safety (i. e. aggregates
with high resistance against polishing). The extreme temperature conditions and high traffic
loads acting on surface asphalt courses demand for high resistance against rutting at high
temperature, against fatigue at intermediate temperature as well as cracking at low
temperature, which usually demands for polymer modified binders.
Whereas the aging properties of binders are commonly investigated (e. g. by conducting
short-term aging by means of Rolling Thin Film Oven Test according to EN 12607-1 and
long-term aging by means of Pressure Aging Vessel according to EN 14769), the evaluation
of aging properties of asphalt mixture is still uncommon. Despite the aging of the asphalt
mixture is mainly influenced by the aging properties of the asphalt binder and the void
content of the compacted asphalt layer, the aggregates may influence the aging effects.
Therefore, an aging procedure for analyzing the effect of aging on asphalt properties taking
the whole asphalt mixture into account is needed. Additionally, due to the change of
mechanical properties during service time caused by aging the asphalt properties at the end
of the service life of a pavement are of interest as well. In case of serviceability contracts, the
material performance during service life shall be considered already during the mix design.
Therefore, in order to evaluate the durability of its performance properties, an appropriate
laboratory aging method for conditioning asphalt mixtures is needed.
Various laboratory aging procedures for simulating the long-term aging of asphalt mixture
were analysed during a comparative study in order to develop a suitable conditioning method
for aging. Such a conditioning method should provide a basis for assessment of the durability
of asphalt performance as well as its end-of-life recyclability. It was demonstrated that the
aging of asphalt mixtures could be carried out successfully by applying the conditioning
procedures as described in this deliverable. Moreover, such methods allow for a
characterisation of the recovered binder as well as for performance testing on compacted
aged asphalt mixtures. In particular, the following observations are made:



The aging of loose asphalt mixture in heating cabinets is a feasible method in order to
simulate the long-term aging of asphalt mixture.
The higher the ambient temperature during the aging, the higher is the aging impact.
At a temperature of 85 °C as applied for the RILEM aging method the aging of the
binder after 9 days is more severe than at an aging temperature of 60 C and 14 days
of aging (BRRC aging method).
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Additional UV radiation leads only to slightly increased aging (shown for aging
temperature of 60 °C).
To reach an aging comparable to the RILEM-method in a short time, the aging of
loose mixture for 20 hours at a temperature of 90 °C in PAV was found suitable.
Though, if higher temperature and aging time is applied, the asphalt mixture can age
unrealistically hard.
RILEM and PAV aging protocol effects both bitumen and polymer molecules in the
SMA 8 (L) mixture whereas the polymers are not affected by the BRRC aging
procedure as indicated by results of force-ductility and FTIR tests.
The test scatter obtained from the binder properties of binder samples extracted from
aged asphalt mixtures are slightly higher compared to those extracted from freshly
mixed material.
Generally BRRC aging protocol results in lower coefficients of variation compared to
RILEM or PAV protocol.

The results of a study to analyse the precision of the applied aging procedures indicate that
the laboratory aging of asphalt mixtures results in feasible repeatability and reproducibility
levels. The results presented also indicate, that the relative effect of aging in the applied
methods is different from mixture to mixture. While the PAV aging results in the highest
aging for mixture SMA 8 (L), the RILEM-method is the most severe method for asphalt
mixture AC 11.
From this work the “RILEM” and “BRRC” aging methods seems to be more suitable methods
to condition large amounts of asphalt mixtures in order to produce specimens for
performance asphalt tests for analysing the effect of aging on durability. Whereas BRRC
protocol results in a higher precision compared to RILEM method its aging condition has a
lower effect on the polymer degradation of modified mixtures.
When RA is reused in new hot-mix asphalt the binder of the RA (usually highly aged) is
melted during RA heating and/or mixing with virgin aggregates and new binder. The
properties of the resulting mixture are highly dependent on the mixed binder properties.
Therefore, the compatibility between the aged RA binder as well as the virgin binder is of
high interest for the evaluation of suitability of RA addition to new mixture. For evaluating the
binder compatibility, physical (mechanical) as well as chemical test procedures were applied
on various binders extracted from mixtures containing high percentages of RA. This study
further allowed to validate the mixing formula applied during mix design as well as to analyse
its applicability on polymer modified binders and on results of performance binder tests.
By recycling experiments it could be shown that the mixing of SBS modified binder
originating from aged RA with new SBS modified binder of another type results in suitable
binder properties. However, this compatibility study has been carried out at a binder scale,
after the binders have been extracted from mixtures and recovered. After extraction and
recovery, binders are easily mixed, which is not really representative from what happens for
asphalt mixtures. Problems of double coating and remobilization will have to be studied more
in detail
The logarithmic mixing law as already introduced for calculating resulting Pen values during
mix design is proven suitable for the application on SBS modified binders and on
performance test parameters G* and  obtained from DSR and FMax and E’0,2 obtained from
force-ductility test.
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Reclaimed asphalt often contains heavily aged binders prohibiting the reuse in new asphalt
courses with high RA contents. In order to reactivate the binder flexibility to enable higher
recycling rates, rejuvenator agents are offered. The applicability of one rejuvenator product
composed of petroleum distillates and paraffin waxes to enable the reuse of 50 % of RAin
new asphalt mixture was shown in a case study.
The service lifetime of asphalt surface layer (also called wearing course) is shorter compared
to the service life of other road construction layers (e. g. asphalt binder and base layers).
Usually the first major regeneration procedure during a lifetime of a road structure is the
removal of the worn surface layer and the laying of a new layer of similar material. In future
time, when the road network will not grow any longer, the demand for these high-quality
asphalt layers providing the needed contact properties for safe and economic individual
traffic, will increase compared to asphalt binder and base course materials. At the same time
large amounts of reclaimed surface asphalt course materials will have to be recycled during
the rehabilitation process where the option of “down-cycling” in asphalt base layers is not
available anymore because of the lack of new road construction works. If surface course
materials contain RA, this material will be recycled in new asphalt surface mixtures an
additional time after 10 to 25 years. Therefore, the repeated recyclability of RA in new
surface asphalt mixtures is an important issue to ensure the end-of-life properties of this
construction material. This section of the deliverable deals with the evaluation of the
laboratory performance of asphalt mixtures containing RA which originates from an asphalt
pavement originally containing recycled asphalt itself. This evaluation was done under
laboratory controlled condition by using an accelerated laboratory aging method.
For a SMA 8 mixture composed of polymer modified binder it could be shown that multiple
recycling cycles with RA contents of 50 % result in suitable material properties. By using a
polymer modified binder of lower viscosity as virgin binder, the long-term aging effects can
be balanced. According to the binder properties analysed the mixtures composed of material
which already went through several recycling cycles still shows suitable performance. No
reduction of lifetime of the mixture containing 50 % of simulated RA has to be expected.
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1 Introduction
1.1 Overview Re-Road, WP2, Task 2.1
The vast majority (~90%) of European roads are paved with asphalt material. At the end of
the service lifetime of a road, when the damaged pavement cannot further fulfil its purpose
as a comfortable and safe carrier of traffic, the road pavement must be renewed. Sustainable
construction processes that conserve natural resources is well recognized within the asphalt
industry although practices for asphalt recycling varies to a great extent across Europe.
Today a large amount of demolished asphalt pavements ends up as unbound granular layers
where neither the bituminous binders nor special aggregates from old surface layers are
reused at their full potential. Replacing new materials with recycled asphalt in the production
of new asphalt reduces CO2 emissions significantly.
The Re‐Road project aims to develop knowledge and innovative technologies for enhanced
end of life strategies for asphalt road infrastructures. Such a strategy has an important
impact on the energy efficiency and the environmental footprint of the European transport
system and fits within the life‐cycle thinking which is being introduced in waste reduction
policy at European level.
The objectives of work package 2 “WP 2: Impact of RA quality and characteristics on mix
design and performance of asphalt containing RA” is to analyse the potential use of RA in
new asphalt surface layer mixtures in consideration of the usage of modified binders.
Therefore, the chemical compatibility of new binders with old bitumens in RA and the
physical performance of the resulting binder and asphalt mixtures are examined to develop
mix‐design guidelines to ensure a long service life of asphalt mixtures with reclaimed asphalt.
As the bituminous binder is the constituent material dominating the particular physical
properties of the resulting asphalt mixture and the single layers in flexible pavements, the
work being done in task 2.1 concentrates on the binder‐related issues of the WP2 research:




Optimisation of a laboratory aging method to analyse the recyclability of asphalt
mixtures. This method also can be used to prepare RA with controlled constituent
materials for other project tasks.
Development of procedures to evaluate chemical compatibility of the aged (polymer
modified) binder with new binders and other additives (e.g. rejuvenators) added
during the recycling process and application on different modified RA samples.
Determination of the end of life of an asphalt mixture after several recycling cycles.

1.2 Partners / Authors
This deliverable summarises the research work conducted during Re-Road project, work
package (WP) 2, task 2.1, leaded by Konrad Mollenhauer and Virginie Mouillet respectively.
Following authors and research laboratories contributed to the experimental studies and
discussions to the results presented:




CETE Méditerranée
o Virginie Mouillet
TU Braunschweig
o Konrad Mollenhauer
Belgish Road Research Centre
o Nathalie Piérard
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o Ann Vanelstraete
IFSTTAR
o Thomas Gabet
ZAG
o Marjan Tušar

Additionally the technical staff working on conducting the experiments at the participating
laboratories is acknowledged.

1.3 Scope of the report
1.3.1

Laboratory long-term aging of asphalt mixtures

Asphalt pavement surface courses are subjected not only to high traffic loads and moisture
but also to long-term aging due to the direct exposure to air (oxygen) and sunlight (UVradiation) as well as high temperatures. Therefore, asphalt surface courses have to be
maintained repeatedly during the total service life of the flexible pavement. Usually, the
surface course is milled and replaced by a new surface layer. Asphalt mixtures for surface
courses usually contain high-quality asphalt components in order to meet the requirements
for traffic safety (i. e. aggregates with high resistance against polishing). The extreme
temperature conditions acting on surface asphalt courses demand for high resistance against
rutting at high temperatures as well as cracking at low temperature, which demands for
polymer modified binders.
Surface asphalt courses reach their end of service life after a time span between 10 and 30
years, depending on its durability. Afterwards, the surface layer is usually milled and reused
in asphalt mixtures as reclaimed asphalt.
Whereas the aging properties of binders are commonly investigated (e. g. by conducting
short-term aging by means of Rolling Thin Film Oven Test according to EN 12607-1 and
long-term aging by means of Pressure Aging Vessel according to EN 14769), the evaluation
of aging properties of asphalt mixture is still uncommon in Europe. Despite the aging of the
asphalt mixture is mainly influenced by the aging properties of the asphalt binder and the air
void content of the asphalt layer, the aggregates may influence the aging effects. Therefore,
an aging procedure for analyzing the effect of aging on asphalt properties taking the whole
asphalt mixture into account is needed. Additionally, due to the change of mechanical
properties during service time caused by aging the asphalt properties at the end of the
service life of a pavement are of interest as well. In case of serviceability contracts, the
material performance during service life shall be considered already during the mix design.
Therefore, in order to evaluate the durability of its performance properties, an appropriate
laboratory aging method for conditioning asphalt mixtures is needed. Such an evaluation
may for example demonstrate the need to reactivate the aged binder during the recycling
process.
1.3.2

Binder test methods applied (chemical and physical) for binder compatibility

When RA is reused in new hot-mix asphalt the binder of the RA (usually highly aged) is
melted during RA heating and/or mixing with virgin aggregates and new binder. The
properties of the resulting mixture are highly dependent on the mixed binder properties.
Therefore, the compatibility between the aged RA binder as well as the virgin binder is of
high interest for the evaluation of suitability of RA addition to new mix. For evaluating the
binder compatibility, physical (mechanical) as well as chemical test procedures were applied
on various binders, extracted from mixtures containing high percentages of RA.
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Mixed binder properties (PmB), checking of mixing law

Polymer modified binders are used in high-quality asphalt layers, for example surface
courses for roads with high traffic volume. When these asphalt mixtures are recycled in new
surface layers, the aged polymer modified binders will be mixed with new binders (which can
also be polymer modified). Therefore, it has to be checked, if the mixing law for calculating
the resulting mixture binder properties by weighed mean of the properties of the RA binder
and virgin binder also is applicable on RA containing polymer modified binders.
1.3.4

Potential of rejuvenators

Reclaimed asphalt often contains heavily aged binders hindering the reuse in new asphalt
courses with high RA contents. In order to restore the binder flexibility to enable higher
recycling rates, rejuvenator agents are offered. To check the applicability of one rejuvenator
product, a case study was being initiated.
1.3.5

Multiple recycling

The service lifetime of asphalt surface layers (also called wearing courses) is shorter
compared to the service life of other road construction layers (e. g. asphalt binder and base
layers).
Usually one of the first major maintenance procedure during the service life of a road
structure is the removal of the wearied surface layer and the laying of a new layer of similar
material. In future time, when the road network will not grow any longer the demand for these
high-quality asphalt layers providing the needed contact properties for safe and economic
individual traffic will increase compared to asphalt binder and base course materials. At the
same time large amounts of reclaimed surface asphalt course materials will have to be
recycled during the rehabilitation process where the option of “down-cycling” in asphalt base
layers is not available anymore because of the lack of new road construction works. If
surface course materials contain RA, this material will be recycled in new asphalt surface
mixtures an additional time after 10 to 25 years.
Therefore, the repeated recyclability of RA in new surface asphalt mixtures is an important
issue to ensure the end-of-life properties of this construction material. This section of the
deliverable deals with the evaluation of the laboratory performance of asphalt mixtures which
contain RA which contains recycled asphalt itself. This evaluation was done under laboratory
controlled condition by using an accelerated laboratory aging method.
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2 State of the art
2.1 Aging of asphalt in situ
During mixture production in the asphalt plant, the asphalt mixture experiences aging
resulting in increasing its stiffness, viscosity and brittleness. During mixing, hot storage in
mixing plant, transport to the construction site, paving and compaction the asphalt mixture is
subjected to high temperatures (~130 °C to 150 °C) and is exposed to oxygen (fresh air).
These conditions lead to so-called short-term aging resulting in an increase of binder
viscosity resulting in higher stiffness and increased brittleness.
After compaction, the aging proceeds further at intermediate temperature during the
pavements service life (-30 °C to +70 °C). Because of lower temperatures, less availability of
oxygen but additional impact by UV radiation in sunlight, the aging proceeds further but with
slower change rate of binder and asphalt properties (long-term aging).
During short-term aging the binder of the asphalt mixture is affected both by oxidation and
distillation of volatile bitumen compounds by high mixing, transport and laying temperatures.
During long-term aging oxidation rate is lower because of reduced temperature.
As indicated by several researches, the aging of surface asphalt courses on site is influenced
by various material properties and external parameter (e. g. climate, road location). The
evolution of the binder properties upon field aging (e. g. increase of softening point, decrease
of penetration value) depends on the type of binder used (Strickland 1998, Desmoulin et al.
2005, Farkas 1998, Dreessen et al. 2010, Renken 2007) as well as type of modification
(Lenk et al. 2004, Angst 1997, Francken et al. 1997). The higher the air voids content of the
surface layer, the deeper the oxidation in the exposed layer progresses (Petersen 2009).
While aging occurs over the full thickness of the layer in porous asphalt mixtures (Renken
2007), it is almost limited to the upper 0.5 to 1 centimetre of the layer in case of dense
bituminous layers (voids <5 %) (Choquet 1991, Piérard and Vanelstraete 2009, Petersen
2009). The development of the aging level is also function of the temperature in the layer
itself. This temperature is highest at the top of the surface layer (Petersen 2009). Finally the
location of the road influences the aging effects due to weather conditions and sun exposure.
As an example, the change of binder properties of asphalt surface courses (AC 11 with 50/70
or 70/100 binder) during service life, Radenberg & Louis (1999) analysed the change of TR&B,
pen and asphaltene content of several roads during 15 years. The TR&B value evaluated on
binder samples extracted from the compacted asphalt layer after laying and after 15 years of
service increased for 10.8 °C in average, though single values ranged from 4.5 to 18.5 °C
increase. For the same samples the penetration decreased for 17 1/10 mm in average
(range: 5 – 33 1/10 mm).
For porous asphalt courses with high air void contents (of ~ 25 %), Renken (2007) evaluated
the change of binder characteristics during service life. As indicated in Figure 2-1, the
interconnected voids leads to an increase of TR&B of between 6 °C and 20 °C in just 9 years.

Beneficiary - TUBS; IFSSTAR
Authors:

Konrad Mollenhauer,
Virginie Moulliet

Grant SCP7-GA-2008-218747
Page 16 of 64

File : Re-road-Deliverable2 3

Deliverable 2.3
Chemical and physical compatibility of new and aged
binders from RA

WP 2

1.0
2011-10-06

PP

Figure 2-1: Change of TR&B due to aging during service life between laying and after some years
of usage measured from extracted modified binders from porous asphalt layers (data source:
Renken 2007).

Dressen et al.(2010) evaluated the field aging development of conventional bitumen (80/100)
in comparison to a crosslinked polymer modified binder (Styrelf® 13/80 (P11)) applied in
Swiss dense asphalt concretes AB 16 S during 19 years (PmB) and 14 years (80/100) of
service life. The evolution of the different characteristics during the field aging have been
estimated based on the graphs presented in the publication:






The penetration value decreases from 50 to 14 1/10 mm for the conventional binder
and from 56 to 35 1/10 mm for the PmB.
The softening point increases from 53 to 72 °C for the conventional binder and from
57 to 65 °C for the PmB.
The Fraass breaking point increases from -15 to -1 °C for the conventional binder
and from -18 to -16°C for the PmB.
The BBR temperature ( S=300 MPa) increases from -21 to -8 °C for the conventional
binder and from -22 to -21°C for the PmB.
The elastic recovery decreases from 78% to 69%.

In Belgium, the average penetration value measured on binders extracted from surface
asphalt courses during RA classification was about 20 1/10 mm, independently from the
nature of the binder (modified or unmodified).
In summary, from experience observed for in-situ aging of asphalt surface layers it can be
concluded:


long term aging depends on the binder used in asphalt layer but also highly on
mixture properties and site conditions:
o the higher the initial viscosity of a binder, the slower long-term aging occurs,
o the higher the air-void content of the mixture, the faster long-term aging
occurs,
o site conditions interfere with binder and mixture properties (temperature, sun
exposure, wind, ...) : the higher the temperature in the layer, the faster long
term aging occurs, the gradient of the temperature inside the layer will
conduct to an gradient of aging level in the layer.
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long-term aging may result in a change of binder charcteristics (depending on mixture
and site conditions). Considering available studies, a general range of the binder
property changes are:
o increase of TR&B between 5 °C up to 20 °C
o decrease of penetration between 5 to 30 1/10 mm
The threshold values for binder characteristics determining the recyclability of RA as
defined in EN 13108-9 are 20 1/10 mm (for penetration) and 70 °C (for ring&ball
temperature), though experiences from practice show that binders extracted from
surface layer RA (especially porous asphalt) will show much higher viscosity.

2.2 Lab aging methods
To evaluate the aging of asphalt materials binder conditioning procedures were elaborated.
The most currently used procedures are RTFOT for simulating short-term aging (EN 14895)
and PAV for simulating long-term aging (EN 14769). Both were developed in USA and
transferred to European test standards. These methods simulate the aging of binder. Latter
influences to large extent the aging behaviour of an asphalt mixture but these methods do
not age the mixture in its totality and therefore don’t produce any aged asphalt materials for
further analysis.
To obtain the service-life performance of asphalt mixtures, one has to study the behaviour of
aged asphalt mixture. Therefore aging methods on asphalt mixtures were developed: some
on compacted asphalt specimens and other on loose mixture asphalt. A summary of the
methods available at present is proposed in Table 2-1. This table is based on the review
done by Van den Bergh (2011). Up to now, there is no European standard test method to
simulate the aging on asphalt mixtures.
Table 2-1: Summary of laboratory aging procedures for asphalt mixtures (Van den Bergh, 2011)

Method
Mugler

Compacted asphalt
STA
LTA
/
163 °C / 5 h

EMPA
SATS

3h/135°C
/

AASHTO
R30-02

24h/135°C
(loose)
/

AAMAS
Tia
Liverpool
University
TRL

110-120 °C / 16 h
85 °C / 65 h
(saturated,
2.1MPa)
85 °C / 5 days

/
/

60 °C / 2 days +
107 °C / 7 days
60 °C / 90 days*
60 °C / 21 days

/

60 °C / 2 days

Loose asphalt mix
Method
STA
LTA
Van
/
160 °C / 16 h
Gooswillingen
LCPC
135 °C / 4 h
100 °C / 24 h
ISBS
/
80 °C / 4 days
(Büchler et al.
2009)
RILEM
135 °C / 4 h
85 °C / 7-9
days
BRRC

135 °C /
1.5 h

60 °C / 14 days

*combined with UV, STA: short-term ageing, LTA: long-term ageing
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The Table 2-1 shows that:






The temperature of the developed long-term aging (LTA) protocols can be very
different (between 60 and 160°C). But from 100°C and more the binder chemical
changes are different as compared to those observed during aging on site according
to the study of Choquet (1991).
This difference of behaviour has been recently explained by the fact that at high
temperature, the microstructure of the bitumen is disrupted or broken. The mobility of
the reactive species increases leading to an increase of the chemical reactivity which
is more important as the one due to the increase of the temperature alone (doubling
of the reaction rate each 10°C more). The phenomenon begins at temperature above
60°C and becomes predominant between 86°C and 113°C (Petersen 2009).
Some protocols include a step to simulate short-term aging which can be necessary
to obtain a similar aging stage of the mixtures produced in laboratory as compared to
manufacturing asphalt mixture (Piérard & Vanelstraete 2009a, Mouillet & Dumas
2008).
The aging on dense compacted materials occurs on the surface of the specimen as
observed in the field and causes inhomogeneous material properties contrary to
aging on loose asphalt mixtures where the same aging stage occurs in the whole mix.

As the objective of the study is to produce RA of controlled quality, the protocols on loose
asphalt mixture at a temperature below 100°C seems to be the most suitable to reach this
goal. Binder aging methods are not applicable because the aged binder has to be mixed with
aggregates again, where the final mix properties will be affected by the mixing conditions
influenced by the hardened binder. Therefore, the RILEM (De la Roche et al. 2009) and
BRRC (Piérard & Vanelstraete 2009b) protocols were retained for further investigation. For
loose asphalt mixture produced in laboratory, a temperature conditioning at 135 °C was also
implemented to simulate the short-term aging. More details on these laboratory procedures
can be found at the experimental part, see section 3.2.

2.3 Mixing law and/or double coating effect
2.3.1

Mixing law

For asphalt mix design, suitable types of binder are prescribed for given applications of the
asphalt mix (depending on type of layer, traffic loading and climate conditions). Therefore,
the mix design documents prescribe binder types according to EN 12591 and EN 14023 to
be applied for asphalt mixture production. In case of RA addition, the virgin binder is mixed
with the binder of the RA which results in a combination of the properties of the resulting
mixture. According to the standard EN 13108-8, the resulting mixture properties (here:
penetration pen and ring and ball temperature TR&B) can be estimated from the properties of
virgin and RA binder according to equations1 & 2.


for the penetration:
(Equation 1)



for the Ring and Ball temperature:
(Equation 2)
in which bo and bRA are the percentages of virgin and RA binder in the total binder
mixture.
Note that: bo + bRA = 100.
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The calculated binder properties have to be consistent to the range of binder properties for
virgin binders type usually applied for the asphalt mixture according to EN 12591.
The equations 1 and 2 are considered as applicable for unmodified bitumen. However, this is
not the case for polymer modified binders. As for polymer modified binders additional test
procedures are applied and further performance properties are specified (e. g. force ductility,
G*) it has to be checked if the mixing law according to equation 1 and/or 2 are also
applicable for these properties as well.
2.3.2

Double coating effect

In contrast to mixing law, where the assumption is made, that the RA binder is melted
entirely during mixing and there is a complete mixing of RA binder and virgin binder, double
coating occurs when the RA binder is not activated during mixing. This leads to the effect,
that RA granulates are not separated into RA binder and aggregate, but that the RA particles
are coated by the virgin binder. RA aggregates may be double coated. The inner layer is
aged RA binder whereas the outer coat originates from the virgin binder. When the mixing
law was applied to calculate a reduced virgin binder viscosity in order to theoretically reach a
suitable overall binder viscosity, this outer layer consists of a softer binder. Moreover,
because the RA granulates are not dissolved into finer aggregate particles the resulting
aggregate/RA granulate distribution will determine the mechanical properties rather than the
theoretically calculated aggregate size distribution. A thorough discussion on the available
theories was issued by Al Quadi et al. (2007).
Carbonneau (2012) evaluated the stiffness properties of asphalt mixtures containing RA. The
presented reults allow a further discussion on the existance of double coating effect. The
modulus of the mixture is linearly related with the modulus of the binder.
Table 2-2: RA properties used in Colas study (Carbonneau 2012)

Content of bitumen
Softening point
penetration
G* 15°C 10Hz

% (m/m)
0

C
mm/10
MPa

4.2
69
12
83

In the study, 30% (m/m) RA was added to fresh material (see Table 2-2). The RAP was dried
and conditioned at 110°C for 2h30 before the mixtures were manufactured. Fresh binders
(compare Table 2-3) were added to the mixture at standard temperature according their
viscosity. Asphalt base course mixture EME 0/14 was produced and stiffness of cylindrical
specimen was tested at 15 °C according to EN 12697-26. The resulting stiffness moduli are
summerised in Table 2-4.
When extrapolating the results linearily in order to estimate the resulting stiffness modulus of
asphalt containing 100% RAP (last column in Table 2-4), the resulting stiffness values are
similar for all mixtures (8680 ± 1400). This value is close to the stiffness modulus of EME
without RAP containing bitumen B 50/70 (1).

Beneficiary - TUBS; IFSSTAR
Authors:

Konrad Mollenhauer,
Virginie Moulliet

Grant SCP7-GA-2008-218747
Page 20 of 64

File : Re-road-Deliverable2 3

Deliverable 2.3

WP 2

1.0

Chemical and physical compatibility of new and aged
binders from RA

2011-10-06

PP

Table 2-3: Properties of fresh binders in Colas study (Carbonneau 2012)

Grade of pure binder

Pen (1/10 mm)

TR&B (°C)

G* (15°C, 10 Hz) (MPa)

10/20

12

68

98

20/30

20

62

66

35/50

35

54

37

50/70 (1)

49

49

43

50/70 (2)

58

50

20

70/100

81

46

16

160/220

175

40

8

Table 2-4: Stiffness of asphalt specimen in Colas study (Carbonneau 2012)

Grade of
fresh
binder

Modulus
(MPa) of

Linear
extrapolation
for modulus
(MPa) of

Void content
(%)

Modulus
(MPa) of

Void content
(%)

EME
without
RAP

EME without
RAP

EME with
30% RAP

EME with
30% RAP

10/20

19251

(4.9)

16303

(5.5)

9424

20/30

11833

(5.2)

11318

(5.7)

10116

35/50

7688

(5.2)

7876

(5.2)

8315

50/70 (1)

8222

(5.1)

8051

(5.8)

7652

50/70 (2)

3344

(5.3)

5255

(5.2)

9714

70/100

3578

(5.5)

5463

(3.8)

9861

160/220

1945

(5.7)

3536

(5.8)

7248

100% RAP

In the second study presented by Carbonneau (2012), asphalt containing RA only with a
50/70(1) pen bitumen (G* value of 43 MPa) was prepared. Asphalt mixture with 20, 30 and
40% of RAP (stiffness are presented in Table 2-5) were mixed.
There is not a large increase in the modulus value as the proportion of RAP increases. The
mixture with 30% of RAP even has a slightly lower modulus than the blend with 20% of RAP.
Maybe reason can be found in deviation due to measurement uncertainty of the method
(reproducibility, limit 95 %: R =2740 MPa in EN 12697-26:2004) or in optimal ratio between
fresh and aged binder.
The results of Colas studies show the contribution of the RA binder to the stiffness of the
mixture. Thus, the RA binder is an integral part of the bituminous binder in the mixture. Even
if it is not equally distributed it contributes to the mechanical properties of the asphalt mixture.
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Table 2-5: Stiffness of asphalt specimen in second Colas study (Carbonneau 2012)

Formulation

with 20% RAP

with 30% RAP

Test temperature (°C)

10

15

10

15

10

15

% of voids

5.9

5.9

5.8

5.8

5.4

5.4

14322

10332

13682

8051

16655

10560

Modulus 124ms [MPa]

with 40% RAP

2.4 Rejuvenators
Rejuvenators are designed to soften the existing bitumen on surface of the reclaimed asphalt
(RA). They are often included in cold mixture and hot mixture recycling processes.
Commonly bitumen becomes less viscous, more ductile and its coating properties are
restored. Rejuvenators are in use since 1960s (Brownridge 2010).
Originally rejuvenators were engineered cationic emulsions containing maltenes, saturates
(light fractions). Their primary purpose is to soften the stiffness of the oxidized AC pavement
surface and flux with the asphalt binder to extend the life of the pavement surface by
adjusting properties of the asphalt mixture.
Rostler developed the “Rostler Analysis”. This is ASTM Test D-2006-70 which determines
the relationship of the light fractions maltenes/acidiffins/saturates.
Nowadays as rejuvenators the following materials can be used:







Emulsions
Flux oil,
Soft bitumen,
Proprietary liquids,
Tertiary amines,
Combination of different compounds…

Although the use of rejuvenators has been reasonably widespread for twenty or more years
there are few documented case studies that provide convincing evidence of effects of
rejuvenators on pavement performance. One of the main conclusions in the Silvia project
was that only for recycling degree over 30% RA it is cost effective to use rejuvenator
(Sanders 2005).

2.5 Multiple recycling
Generally, service lifetime varies between 10 and 26 years (FGSV 2002), depending on type
of mixture and traffic loading applied (comp. Table 2-6). The usual maintenance strategy is
milling of the worn surface layer and paving a new layer of surface asphalt mixture. This way
large amounts of reclaimed asphalt are generated which contains high-quality aggregates
and aged binder, whereas at the same time new surface layer mixture is produced.
Therefore, the recycling of RA originating from surface layers in new surface asphalt
mixtures is a good choice in order tio reuse the RA material at best value.
Though, if these large amounts of reclaimed surface asphalt course materials are reused as
a part of the new asphalt surface mixtures, this material will be recycled again in an
additional time after 10 to 25 years. Unfortunately, no data has been up to now published
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about this possibility of repeated recycling and its impact on the performance of the
pavement layer.
Table 2-6: General service lifetime for asphalt surface courses according to traffic load
(FGSV 2002)

Asphalt surface mixture type
asphalt concrete AC
stone mastic asphalt
mastic asphalt
porous asphalt

General service lifetime [years]
high traffic loads
low traffic loads
12
18
16
22
19
26
~10
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3 Experimental investigations
3.1 Text methods applied for characterising binders and asphalt
mixtures
3.1.1

Binder extraction and recovery

To evaluate the binder properties of the freshly mixed asphalt as well as after simulated
asphalt mixture aging, the binders were extracted from the asphalt mixtures according to EN
12697-1 and recovered according to EN 12697-3. The mixing and aging of the asphalt
mixture variations were conducted in several laboratories. In these laboratories also the
binder extraction and recovery was applied. Each laboratory applied different extraction and
recovery equipment and solvents according to their national standards. This may lead to
deviations which are considered. The differences resulting from the various extraction and
recovery procedure applied were analysed thoroughly during the Re-Road project. Results of
this evaluation can be found in D1.4 (Mouillet et al. 2012a).
3.1.2

Chemical binder test methods

The aging level of the binder in reclaimed asphalt is often the predominant parameter
determining the possibility to reuse the material in new hot asphalt mixtures or to recycle it
with less added-value as unbound material in the road base.
This aging level can be determined by Fourier Transform Infra Red Spectrometry (FTIR),
which permits to follow the binder evolution during aging, based on oxidation peaks observed
in FTIR spectrometry, that is, the peaks at 1700 and 1030 cm-1 (Piérard and Vanelstraete,
2009b, Mouillet et al., 2010). The first peak is characteristic of the presence of carbonyl
functions in the binder, while the second characterizes sulfoxide functions. Both are
indicators of binder aging, as they reflect the degree of oxidation.
As the purpose of this study is the recyclability of asphalt mixtures with PmB, the FTIR can
also give information about the resistance of the SBS-polymer against aging by following the
intensity of SBS peaks at 968 and 700 cm-1 respectively characteristic of the butadiene and
styrene segments.
Two different methods were used to analyse the spectral data: one was developed at BRRC,
the second is one currently used at IFSTTAR/LCPC.
BRRC - method
The chemical indicators are determined with an IR spectrometer type Perkin Elmer Spectrum
One). The binders are dissolved to a concentration of 75 g of binder/l of CCl4. Each spectrum
is normalized: correction of the base line between 1885 and 459 cm−1 and absorbance
coefficient of a standard bitumen peak situated between 1400 and 1500 cm−1 brought to 1.2.
To evaluate the oxidation degree, the following surface area peaks are investigated:




A1700 (area comprised between the spectrum and a baseline from 1530 to 1770 cm−1)
indicating the presence of carbonyl functions (ketones, esters, carboxylic acids);
A1030 (area comprised between the spectrum and a baseline from 1000 to 1105 cm−1)
indicating the presence of sulfoxides;
Atot summing all modifications recorded between 946 and 1885 cm−1.
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To evaluate the SBS-polymer content, the intensity of the peak at 968 and 700 cm-1 is
given by the height of the peak at these wavenumbers using respectively a baseline
between 980 and 950 cm-1 and between 685 and 710 cm-1.

LCPC/IFSTTAR-method
The quantification of bituminous binder’s oxygenated species is performed using the
analytical technique of Fourier Transform InfraRed spectroscopy in transmission mode, using
a semi-quantitative approach based on the definition of two indexes related to carbonyls and
sulfoxides functions. According to Lamontagne et al. (2001), the samples were prepared by
letting a hot binder droplet flow on a NaCl window in order to obtain a film thickness of about
20 µm. The infrared indexes are then defined as band area ratio : for the carbonyl index, the
carbonyl absorption band from 1720 to 1665 cm-1 to the sum of infrared bands at 1376 and
1456 cm-1, and for the sulfoxide index, the sulfoxide absorption band from 1098 to 980 cm-1
to the sum of infrared bands at 1376 and 1456 cm-1, compare Figure 3-1).

Figure 3-1. An example of FTIR spectrum of bitumen recorded between 4000 and 400 cm-1.

Size Exclusion Chromatography (SEC) is a column liquid chromatographic technique that
separates molecules according to their size. It is based on the partition of macromolecules
(solutes) dissolved in a mobile phase. The sample solution is introduced onto the column,
which is filled with a porous gel (stationary phase) and is carried by a solvent (mobile phase)
through the column. The separation of molecules based on size takes place by repeated
exchange of the solute molecules between the bulk solvent of the mobile phase and the
stationary phase within the pores of the packing. In a simplified case, this partition depends
only on the size of macromolecules and pores. Usually separated macromolecular fractions
are detected by refractive index or viscosity detection.
Size Exclusion Chromatography is a relatively easy way to detect change in molecular size
distribution of bitumen during the aging process. The molecular weight distributions of
binders were determined by size exclusion chromatography (SEC) using particular
experimental conditions: high solvent flow rate (3.5 mL/min) and high sample concentration
(30 g/l). The choice of parameters is meant to obtain the closest chromatographic picture to
the colloidal structure of bitumens, with chromatographic peaks evidencing molecular
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association see. This technique is called “high speed chromatography” analysis (“HS-SEC”).
Generally, the aging is visualized as in increase in the peak area corresponding to the high
molecular fraction. Indeed, the result of chemical oxidation is the increase of carbonyl
functions leading to the molecules’ association and thus the change in colloidal structure of
the binder.
3.1.3

Mechanical binder test methods applied

For evaluating the mechanical binder properties during this research, the following test
methods were applied:







Penetration pen according to EN 1426 (test temperature: 25 °C).
Ring & ball (softening) temperature TR&B according to EN 1427.
Force-ductility test according to EN 13589 (test temperature: 25 °C) and evaluation of
maximum force Fmax, deformation energy ([J/cm²] (cumulated deformation energy up
to 0.4 m ductility E0,4 ; between 0.2 and 0.4 m ductility E0.2-0.4) and total ductility d
[mm] until specimen rupture according to EN 13703,
In order to evaluate the relative polymer effect on deformation energy, the
deformation energy ratio E0,2-0,4,/E0-0,2 was calculated. An example for the evaluation
of the test is given in Figure 3-2.
Breaking temperature (Fraass) TFraass according to EN 12593,
Complex shear modulus (G*, ) according to EN 14770.

Figure 3-2. Example for force development (right) and cumulated energy (right) in forceductility test for a unmodified and a SBS modified bitumen (T = 25 °C)

3.1.4

Asphalt test methods applied

To evaluate the effect of aging on asphalt mixture properties, asphalt performance tests were
conducted on specimens produced from the mixtures containing high contents of RA:


Tests to evaluate the asphalt mixture resistance against low-temperature cracking
according to EN 12697-46:
o Thermal stress restrained specimen tests (TSRST) for obtaining the failure
temperature TF [°C] and the failure stress F [MPa],
o Uniaxial tensile stress tests( UTST) for obtaining tensile strength t(T) [MPa]
and failure strain F(T) [‰]
o evaluation of Tensile strength reserve to obtain the maximum tensile strength
reserve t,max [MPa] and the associated temperature T(t,max) [°C]
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Cyclic triaxial stress tests CTST for evaluating the mixture resistance against
permanent deformation according to EN 12697-25 for obtaining the creep strain rate
fC [µm/m/load cycle],
4-point-bending tests to evaluate the complex stiffness modulus |E*| an phase angle
 according to EN 12697-26,
Compactibility according to EN 12697-11 by measuring the change of specimen
height during impact compaction.

The test procedures applied are discussed in detail in Re-Road deliverable D2.4 (De
Visscher et al. 2012).

3.2 Test programs
3.2.1

Optimisation of laboratory aging methods

3.2.1.1 Materials analysed during lab-aging study
The laboratory aging procedures were conducted on 3 asphalt mixture samples.
The effect of aging time was evaluated by testing a plant mixture:


SMA 8 with a binder 25/55-55 A (in following expressed as (SMA 8 (P)). The binder
used in this mixture was a physical mixed SBS modified binder.

Precision of aging methods applied was evaluated for 2 additional asphalt mixtures,
produced in laboratory in order to control mixing conditions:



AC 11 with binder 35/50 (in following expressed as (AC 11),
SMA 8 (L) with binder 25/55-55 A, (in following expressed as (SMA 8 (L)). The binder
used in this mixture was a crosslinked SBS modified binder.

The compositions of the mixtures are summarised in Table 3-1. Whereas the plant-produced
mixture SMA 8 (P) was used to check the applicability of the aging procedures, the labproduced mixtures AC 11 and SMA 8 (L) were analysed in more than one laboratory each in
order to derive indicators for the expected repeatability and reproducibility of these
procedures. The mixtures were produced in each laboratory separately according to a
common mixing procedure. Directly after mixing, samples were taken from the loose mixture
for binder recovery. Asphalt mixture samples were filled in buckets which were closed for
further analyses. These samples were marked as “Fresh”.
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Table 3-1: Composition properties of asphalt mixtures evaluated during aging study

Property
Binder content [%]
Binder grade [-]

SMA 8 (P)
7.0
25/55-55 A

AC 11
5.6
35/50

SMA 8 (L)
7.4
25/55-55 A

Grading

Mixing procedure

Batch mixing plant

Laboratory
T = 165 °C, mixing time t =120 s

3.2.1.2 Site validation
For validating the laboratory aging procedures, the effects of site long-term aging of asphalt
mixtures needed to be evaluated. According to literature review (see section 2.1) the actual
aging intensity of surface asphalt courses is highly dependent on the void content of the layer
as well as local conditions (e.g. sun exposure, temperature). Some information is available
on the site aging of asphalt surface mixtures containing polymer modified binders, compare
section 2.1. One problem of many researchers analyzing the aging effects on the properties
of binder as well as on the asphalt mixture itself is the lack of knowledge about the initial
properties of the road pavements. In Re-Road project Slovenian motorway sites are further
analyzed which were investigated thoroughly in the past.
Since 1996 SBS modified bitumen is used in Slovenia for Stone mastic asphalt mixtures
(SMA) for wearing courses. In 2002 larger quantity of top-down cracks on the surfaces of
some highway sections built between 1997 and 2000 were observed. To identify the reasons
for the cracks, cores were drilled on 5 highway sections in 2003. Properties of asphalt and
extracted bitumen were investigated and compared to original ones in terms of force ductility
tests on recovered binders and TSRST/UTST for samples cored from the site. In year 2009
in the framework of the Re-Road project the same highway sections were investigated again.
On two from previously studied sections original wearing asphalt layers were removed during
maintenance and rehabilitation work. On remaining 3 highway sections cores of asphalt were
drilled again in 2009. These sections are designated as follows:




Section 1: AC Divača-Kozina (asphalt was laid in 1997) (cracks)
Section 2: VAC (asphalt was laid in 1998) (no cracks)
Section 3: AC Arja Vas- Vransko (asphalt was laid in 1997) (some cracks)
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3.2.1.3 Lab aging procedures
For simulating the short-term aging occurring during production, hot storage at the asphalt
plant, transport and site construction, the hot mixture was stored on a tray in a heating oven
at T = 135 °C for 4 hours (RILEM protocol) or 1,5 hours (BRRC protocol) based on previously
studies (Piérard et al. 2009, De la Roche et al. 2009). These sampled were marked as “STA”
(Short-term aged).
Four aging procedures for loose asphalt mixtures were selected:





BRRC-method: Aging of loose mixture in a heating oven at an ambient temperature
of 60 °C (comp. Piérard et al. 2009),
RILEM-method: Aging of loose mixture in a heating oven at an ambient temperature
of 85 °C (comp. De la Roche et al. 2009),
PAV-method: Aging of loose mixture spread on trays of a PAV device according to
EN 14769,
UV method: Aging of loose mixture in heating oven at 60°C with additional vertical
Xenon light, simulating the spectra of sunlight.

Commonly to all aging procedures, the loose asphalt mixture was spread on metal trays. The
four procedures varied according to the aging conditions temperature T, pressure p and
additional UV radiation as indicated in Table 3-2.
To select the most suitable aging durations, primarily tests were primarily conducted on
sample SMA 8 (P) with the 4 aging procedures.
For evaluation of estimates for the precision of the aging procedures, two additional asphalt
mixtures - AC 11 and SMA 8 (L) - were analysed with aging conditions indicated in bold
characters in Table 3-2. For procedures BRRC and RILEM, samples of asphalt mixtures
were taken after different aging durations in order to analyse the aging process.
To evaluate the effect of the aging procedures on additional mixtures as well as to obtain
information on the reproducibility of the aging procedures, the 4 aging methods were applied
on the laboratory produced mixtures AC 11 and SMA 8 (L).
At different steps of these aging procedures, the binders were extracted and recovered
according to EN 12697-1and -3. The extraction methods used according to the laboratory
that realises the aging protocol. Though, all laboratories conducted the extraction and
recovery according to EN 12697-1 and -3, different procedures and solvents were applied.
The used methods are discussed in Re-Road deliverable D1.4 (Moulliet et al. 2012). The
properties of the recovered binders were measured using the binder test methods described
in sections 3.1.2 and 3.1.3.
For RILEM aging procedure, asphalt slabs were compacted from sampled asphalt material
after mixing, after short-term aging and after RILEM-long-term, aging (9 days). From the
compacted slabs, prismatic specimen were cut for conducting TSRST and UTST.
Table 3-2: Parameters of aging procedures applied
Short-term aging
Mixing
Aging
temperature Temperature Duration Temperature
procedure
T [°C]
T [°C]
[h]
T [°C]
BRRC
RILEM
PAV
UV

165

135

1.5
4.0
4.0
1.5
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60

Long-term aging
UVPressure
Radia
p [MPa]
tion
2.1
x

Duration [h]
0, 1, 3, 9, 14
0, 3, 6, 9
1, 5
14
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Multiple recycling study

In order to evaluate the effect of multiple recycling cycles on the performance of the binder in
asphalt mixture, a laboratory produced asphalt mixture was long-term aged in laboratory in
order to simulate its properties as RA. As aging protocol, the RILEM-aging procedure
(compare section 3.2.1.3) was applied.
After simulated long-term aging, the aged material was added as RA into the new stone
mastic asphalt (SMA) mixtures. This recycling cycle was repeated twice. The total lay-out of
this study is shown in Figure 3-3 also indicating the labelling of the various samples prepared
and tested. The samples were labelled by using 3 sets of characters, e. g. 1B25:





number indicates recycling cycle
letter indicates (virgin) binder applied:
o A: 25/55-55A (crosslinked SBS modified)
o B: 25/55-55A (physically mixed SBS modified)
o C: 45/80-50A (crosslinked SBS modified).
number indicates the percentage of RA added to the new mix.

Figure 3-3.Lay-out of multiple recycling study

After the production of each mixture, the binders were extracted and recovered according to
EN 12697-1and -3 (by applying automatic hot extraction with trichloroethylene as a solvent)
and mechanical binder properties described at the section 3.1.3 (except Fraass breaking
temperature) were evaluated for the recovered binders. Concerning the shear stiffness G*
and the phase angle , they were measured for a temperature range between 30 °C and
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90 °C and a frequency range of 0.1 Hz to 10 Hz by dynamic shear rheometry according to
EN 14771. The oxidation degree by Fourier Transform Spectrometry was also studied.
Additionally specimens were compacted from the mixtures and mechanical performance
tests were conducted. The results of these tests are discussed in Re-Road deliverable D2.4
(De Visscher 2012).
3.2.3

Double coating study

Double coating effect was analysed visually by observation of an asphalt mixture produced
with coloured asphalt. Transparent synthetic bitumen was selected as fresh bitumen. Visually
synthetic bitumen looks like honey. Main idea behind was that through the transparent
synthetic bitumen it would be possible to visually detect double coated RA.
3.2.4

Rejuvenator study

As a case study, a mix design incorporating up to 50% RA with Storbit® as rejuvenating
agent was studied. Storbit consists of special petroleum distillates and paraffin wax (comp.
Arnold et al. 2012).
With laboratory asphalt mixer, series of 7 kg AC 16 asphalt samples containing 0, 10%, 30%
and 50% RA were prepared.
After mix design optimization, on asphalt plant in Podutik (Slovenia) asphalt mixture AC 16
containing 50% RA was prepared from available stone fractions.
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4 Test results
4.1 Results of study for optimising laboratory aging
4.1.1

Site validation results

For evaluating the effect of site aging on binder and asphalt mixture performance, three
surface courses located in Slovenia were sampled 3 times during service life (compare
section 3.2.1.2. The Table 4-1 contains the results of the binder and asphalt mixture tests
evaluated during the mix design process and on samples taken from three Slovenian
validation sites at three different times. Note, that the sections contained surface layers
mixed with different SBS-modified binder products.
Table 4-1: Properties of SMA asphalt
Highway
1
2
3
section
Test item
Mix design and
pure binder
Thickness [cm]
Void cont. [%]
Properties of recovered binders
Pen (25 ºC)
45
63
[0,1mm]
TR&B [ºC]
61.0 70.0
Ductility [mm]
630
750
Wtot [J]
1.4
1.8

1

2

3

Mixture properties
after construction
3.0
3.0
2.9
3.6
4.7
5.3

1

2

3

Results from cores
in 2003
2.9
3.8
3.1
1.6
2.8
1.7

1

2

3

Results from cores
in 2009
2.9
3.3
3.1
1.7
2.6
4.1

44

27

46

30

22

43

26

26

37

26

61.0
510
1.4

70.7
-

70.3
-

69.2
-

72.5
90
0.8

70.5
270
1.2

67.5
180
0.9

72.3
80
1.0

71.4
180
0.9

69.1
130
1.0

19.2
-24
3.69
-4.9
3.77

5.0
-33
4.66
-13
4.61

10.4
-26
4.29
-6.5
4.44

20.8
-19
3.21
-0.6
3.43

7.5
-29
4.07
-7.9
3.78

16.2
-21
2.36
-0.3
3.04

Results of TSRST and UTST according to EN 12697-46
FMax [N]
3.5
3.0
3.5
TF [°C]
F [MPa]
T(t,max) [°C]
t,max [MPa]

The development of the binder characteristics TR&B and pen are depicted in figure 2 left. In
the diagram, the first dots indicate the pure binder characteristics. The high increase of T R&B
and the spontaneous decrease of penetration value show the viscosity change due to short
term aging during mixing and laying.
The further changes indicate the effects of long-term aging. TR&B and pen values evolve
slowly which may indicate that these parameters could not be relevant for describing the
effect of binder aging for polymer modified binders. By comparing the results of force-ductility
tests conducted in 2003 and 2009 (Figure 4-1, right) the aging results in an increase of the
maximum force FMax and a decrease of the ductility length. The aging also influences the
polymer properties, indicated in a shift of the curve shape in the right of the force maximum.
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Figure 4-1. Plots of binder characteristic: left: TR&B and pen; right: force ductility tests

Stress and strength paths measured during TSRST and the path of tensile strength reserve
are plotted in Figure 4-3. In TSRST, for the asphalt specimen from all three tested sites, an
increase of the failure temperature TF between +3.5 and +5.3 can be observed indicating the
increased brittleness of the asphalt courses at low temperatures. The change of tensile
strength and cryogenic stress causes a shift of the tensile strength reserve curve to higher
temperature (increase of T(t,max) between +4.3°C and +6.2°C) and an decrease of tensile
strength reserve t,max (between -0.3 MPa and -1.4 MPa). The decreased tensile strength
reserve indicates an decreased resistance against cracking due to traffic loading at low
temperatures.

Figure 4-2. Plots of cryogenic stress (left) and tensile strength reserve (right)

4.1.2

Lab aging: Optimisation of procedures

The results of the binder tests conducted on samples recovered from asphalt mixture
SMA 8 (P) after several aging durations (for RILEM and BRRC-method) as well as after UV
and PAV methods are summarised in Table 4-2 and shown in Figure 4-3. The first value
shown “-1” was measured on the virgin binder which is the only test results of a binder
sample which was not recovered from an asphalt mixture. The aging duration of 0 day
represents the asphalt mixture properties after mixing before the aging procedures were
applied.
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Table 4-2:Properties of binders recovered after laboratory mixture aging

Binder
property

Penetration
(25 °C)
[1/10 mm]

Softening
temp.
TR&B [°C]

Aging method
(temperature)
BRRC (60 °C)
RILEM (85 °C)
UV (60 °C)
PAV (90 °C)
PAV (100 °C)
BRRC (60 °C)
RILEM (85 °C)
UV (60 °C)
PAV (90 °C)
PAV (100 °C)

Pure
binder
(-1)

36

62

After
mixing
(0)

LTA
1 day
(1)

LTA
3 days
(3)

LTA
6 days
(6)

LTA
9 days
(9)

28
28
27
28
25
67,2
68,6
68,8
66,8
68,6

28
20
67,4
72,4
-

27
25
68,0
70,8
-

23
2
72,4
122

26
20
68,6
73,6
-

LTA
14
days
(14)
23
22
69,4
73,8
-

As shown for the BRRC and RILEM aging method, the mixture aging results for the tested
asphalt mixture in a widely linear decrease of penetration as well as an increase of softening
temperature. The change of binder properties is faster for the RILEM-aging method with an
aging temperature of 85 °C compared to BRRC-method, for which a temperature of 60 °C
was applied. At this temperature, additional UV radiation will decrease the penetration after
14 days of aging for additional -2 1/10 mm. The UV effect of softening temperature compared
to BRRC aging after 14 days sums up to +5 °C. However, if the different initial softening point
after mixing (aging time 0 days) is taken into account, the UV radiation gives an additional
increase of only 2 °C.
14 days of aging at a temperature of T = 60 °C results in a penetration value reduction from
27 1/10 mm to 23 1/10 mm and an increase in softening temperature from 67 °C to 69 °C.
With an aging temperature of T = 85 °C in nine days the penetration is reduced from 27 to 19
1/10 mm, whereas the softening temperature is increased from 69 to 73 °C. Similar change
of penetration and softening point is reached during 1 day (i. e. 20 h) of PAV aging at a
temperature of 90 °C and an ambient air pressure of 2,1 MPa. If the temperature and
duration is increased for the PAV aging method, the asphalt mixture ages severely resulting
in a penetration of only 2 1/10 mm and a softening point of 122 °C.
Because extraction and recovery as well as the test methods applied were conducted in
different laboratories, the initial values of the unaged materials (aging time 0) vary
considerably. To improve the comparability between the aging procedures, the absolute
increase in softening point and decrease in penetration during aging are depicted in Figure
4-4. If BRRC and RILEM aging is compared, it can be observed, that the binder properties
measured after 14 days of long term aging at 65 °C (BRRC-method) are reached during
RILEM aging already after approx. two days.
Figure 4-5 shows the results of FTIR spectroscopy on binder samples after different aging
times in BRRC and RILEM-method. The increase of the oxidation peaks (carbonyl and
sulfoxide functions) shown on the left is consistent to the evolution of the binder properties
pen and TR&B. The oxidation peak reached after 14 day aging at 60°C (BRRC) is reached
during 85°C-aging (RILEM) already after two days. This time span is also observed for the
physical binder properties (pen and TR&B).
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Figure 4-3: Effect of laboratory aging on the properties penetration and softening point TR&B of
binders recovered from SMA 8 (P)

Figure 4-4: Increase and decrease of penetration and softening point TR&B of binders recovered
from SMA 8 (P) due to laboratory aging

This difference can be explained by the fact that the rate of aging follows an Arrhenius law:
the aging rate doubles approximately for each temperature increase of 10°C. Between the
BRRC and RILEM method (temperature difference of 25 °C), the impact of aging
temperature can therefore be estimated to a factor of 22,5 = 5.65. Therefore 14 days aging at
60°C should be corresponding to around 14/5.65 = 2.5 days of aging at 85°C. For the binder
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properties penetration and TR&B as well for the oxidation peaks from FTIR measurements,
this resulting duration is approximately observed in the experimental analyses.
Furthermore, during the laboratory aging procedures, the value of polymer peaks indicated in
Figure 4-5 (right) seems to slightly decrease for the butadiene peak whereas the styrene
peak seems going down slowly during RILEM aging. But these changes are within the test
accuracy and therefore not significant.
By size exclusion chromatography the evolution of the colloidal structure of binder during
long-term aging was evaluated for the BRRC aging method. The aging experiment was
conducted two times including two plates for each aging experiment. The resulting
percentage of agglomerates are depicted in Figure 4-6. If the samples from plate 1 during
experiment 1 (E1-xx-P1) are neglected, it can be observed that the content of agglomerates
increases with increasing aging time. This increase can be explained by bitumen’s oxidation
that leads to the hydrogen liaisons, namely molecular associations (agglomerates) and
generally, an increases of asphaltenes content. Though, the mean results obtained on binder
samples show high test scatter.

Figure 4-5: Effect of laboratory aging on the results of IR spectroscopy on binder samples
recovered from SMA 8 (P)
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Figure 4-6: results of size exclusion chromatography: percentage of agglomerates versus longterm aging at 60 °C

The results of the force ductility tests are shown in Figure 4-7. For the RILEM aging
procedure (85 °C), the aging results in higher force values for the initial peak, whereas the
shorter plateau indicates the influence of the polymers.
According to EN 13703 the deformation energy was calculated for the deflection 0 m to 0.2 m
E’0.2, representing the deformation energy controlled by the raw bitumen, and for the
deflection 0.2 to 0.4 m E’0.2-0.4, representing the deformation energy of the polymer plateau.
As shown in Figure 4-7, the deformation energy E’0.2 increases due to proceeding aging. This
is caused by higher force values generated due to higher stiffness/viscosity of the bitumen.
For the deformation energy E’0.2-0.4 the aging causes an increase first, also caused by higher
force levels. With proceeding aging, the polymer plateau is reduced in length which reduces
the deformation energy E’0.2-0.4.
In order to separate the aging of the polymer which causes a partial scission of the polymer
chains, the deformation energy ratio E’0.4-0.2 / E’0.2 was calculated and plotted in Figure 4-7.
The higher the ratio, the higher is the deformation energy induced during the polymer plateau
compared to the deformation energy induced during the initial force peak. As shown in Figure
4-7, the deformation energy ratio is nearly the same for the pure binder and the sample
recovered from the freshly mixed asphalt. The laboratory aging causes a decrease of the
deformation energy ratio from 0.85 to 0.35 during 9 days of aging. Therefore the impact of
polymer in the binder has decreased substantially after aging process.
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Figure 4-7: Effect of RILEM aging procedure on the results of force ductility tests of binders
recovered from asphalt sample SMA 8 (P)

The results of TSRST and UTST measured on specimen from the 3 asphalt variations which
were cut from steel-roller compacted slabs prepared after mixing, short-term aging (4 h @
135 °C) and long-term aging (9 d @ 85 °C) according to RILEM aging procedure are
summarised in Table 4-3.
Table 4-3: Results of TSRST and UTST conducted on specimens compacted from unaged,
short-term aged and long-term aged asphalt mixtures

UTST: Failure
strain

UTST: Tensile
strength

TSRST

Test result
Failure temp.
TF [°C]
Failuer stress 
F [MPa]
t.-25°C [MPa]
t.-20°C [MPa]
t.-10°C [MPa]
t.5°C [MPa]
t.10°C [MPa]
t.20°C [MPa]
F.-25°C [‰]
F.-20°C [‰]
F.-10°C [‰]
F.5°C [‰]
F.10°C [‰]
F.20°C [‰]

SMA 8 (P)
fresh
LTA

fresh

AC 11
STA

LTA

fresh

-27.2

-22.5

-20.0

-19.3

-14.8

-24.3

-23,6

-21,6

4.135

3.439

3.108

2.815

2.228

4.269

4,062

3,516

4.037

3.075

4.442
4.668
4.696
2.971
1.529

4.046
4.296
3.520
-

3.915
3,414
4.702
3.718
1,954

0.633
not evaluated
0.609
2.689
3.300 7.873
-

0.151

0.606

0.434
2.431
-

0.662
2.022
4,826

2.987

3.828
3.431

4.468
2.785

1.744

-

2.808
2.016

1.093
0.387

0.678
0.469

-

0.401
2.476
5.133

9.09

4.185

6.233
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The development of cryogenic stress in TSRST is shown in Figure 4-8 for the asphalt
samples at various aging stages. As expected, aging results in increasing stiffness and
brittleness of the asphalt specimens. An increased stiffness displays higher cryogenic stress
values at a given temperature. For all analysed mixtures, the cryogenic stress curves of longterm aged materials are above the freshly mixed curves. On the other hand, the failure of the
long-term aged mixtures at lower cryogenic stresses indicates an increase in brittleness.
When compared to results obtained for site-aged mixtures (compare Table 4-1) the
laboratory aging applied results in comparable effects on TSRST results:




increase of TF:
o RILEM laboratory aging:
between +2.7 °C (SMA 8 (L)) and +4.7 °C (SMA 8 (P))
o Site aging: between +4 °C and +5 °C
decrease of F:
o RILEM laboratory aging:
between -0.7 MPa (SMA 8 (P)) and -0.88 MPa (SMA 8 (P))
o Site aging: between -0.5 MPa and -1.9 MPa

Due to change of stiffness and brittleness, the tensile strength will decrease at low
temperature because of increased brittleness of the specimen whereas it will increase at
intermediate temperatures, where the higher stiffness of the specimens will result in higher
viscoelastic response to the induced strain during UTST. The effect of long-term aging is
shown in Figure 4-9, where the relative change of tensile strength of the long-term aged
specimens compared to the results obtained from short-term aged specimens is plotted. As
reference, the tensile strength differences measured on the site samples (compare section
3.2.1.2) are added to the diagram as circles. Below a test temperature of approximately 0 °C,
the change of brittleness leads to an decrease of tensile strength, whereas the effect of
higher stiffness is more valid at temperatures above 0 °C. The long-term mixture aging
applied in laboratory results in a similar range of the changes in tensile strength as observed
on site.

Figure 4-8. Cryogenic stress versus temperature measured during TSRST on specimens
compacted after mixing (fresh), after short-term aging (STA) and after long term aging (RILEM)
according to RILEM mixture aging protocol
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Figure 4-9. Relative change of tensile strength provoked by long-term aging in laboratory and
on site compared to short-term aged asphalt samples

4.1.3

Lab aging: Precision of mixture aging procedures

Based on the results of the primarily study four laboratory aging procedures were selected
for indicating their repeatability and reproducibility. The aging conditions selected are typed
in bold figures in Table 3-2. Each long-term aging procedure was applied at two laboratories
with two repetitions. This study was conducted by using asphalt mixtures AC 11 and SMA 8
(L) both prepared according to a prefixed mixing scheme at the collaborating laboratories.
4.1.3.1 Conventional binder properties
The results of conventional binder tests methods (Penetration, Ring and Ball Temperature,
Fraass temperature) are shown in Figure 4-10. The plotted values indicate the mean values
of the measured properties (1 – 4 samples per aging step were tested). The error bars
indicate the evaluated standard deviation. The effects of short-term aging compared to the
binder properties in the fresh mixture as well as the effect of long-term aging compared to the
properties of short-term aged binders are summarised in Table 4-4. For the short-term aging
methods applied, the shorter aging time used in BRRC method (1,5 h) has less effect
compared to the RILEM method (4 h). For comparing the effects of long-term aging, the
binder properties are compared to the properties after short-term aging for each method
(BRRC and BRRC + UV results are compared to STA (BRRC).
For long-term aging the change of penetration is similar for the 2 mixtures analysed. The
RILEM aging causes a stronger decrease of penetration values during long-term aging
(-7.5 1/10 mm) compared to BRRC method (-6.6 1/10 mm). The PAV aging results in a lower
penetration change (-5.8 1/10 mm). For the ring and ball temperature, RILEM long-term
aging on the two mixtures (SMA 8 (L) / AC 11) results in an increase of 5.4 °C / 6.8 °C
whereas the increase caused by BRRC method is lower (3.3 °C / 2.9 °C).
The effect of UV radiation can only be observed for the AC 11 mix tested, for which the
penetration is reduced by 4 1/10mm and the ring and ball temperature is increased by 2 °C,
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while Fraass cracking temperature is increased by 7 °C. For the SMA 8 (L) mix, additional
UV radiation doesn’t show significant effects on the conventional binder properties.
For Fraass cracking temperature, the aging shows higher effects on the binders extracted
from AC 11 mixture compared to the SMA 8 (L) mixture with polymer modified binder for the
long-term aging methods.

Figure 4-10. Effect of laboratory aging procedures on conventional binder properties (Pen,
TR&B, TFraass) of binders recovered from loose mixtures AC 11 and SMA 8 (L)

Table 4-4: Change of conventional binder properties during short—term and long-term aging

effect of aging methods

Short-term aging
(change to fresh
mix)

Long-term aging
(change to STABRRC)

Long-term aging
(change to
STARILEM)

BRRC

RILEM

BRRC

BRRC +
UV

RILEM

PAV

Pen
[1/10 mm]

SMA 8 (L)

-3.8

-6.2

-6.5

-3.3

-7.3

-6.3

AC 11

-5.0

-9.3

-6.7

-5.9

-7.9

-5.0

TR&B
[°C]

SMA 8 (L)

1.8

3.3

2.9

0.9

5.4

5.5

AC 11

1.5

5.3

3.3

2.1

6.8

6.3

TFraass
[°C]

SMA 8 (L)

2.8

2.0

0.2

-

1.9

2.8

AC 11

0.9

3.2

1.4

4.3

7.3

4.3

4.1.3.2 Results of Force-ductility tests
As results of force-ductility tests the maximum force FMax, deformation energies E’0.2, E’0.2-0.4
as well as the deformation energy ratio E0.2-0,4/E0.2 were evaluated on the binders extracted
after the various aging procedures. The mean values obtained and standard deviations (error
bars) are plotted in Figure 4-11.
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For the initial peak force value (FMax) as shown in Figure 4-11 (top left), the aging results in
an increase of the test results for both asphalt mixtures analysed. The maximum force FMax
as well as the deformation energy E’0.2 up to a deflection of 0.2 m (Figure 4-11 (top right))
indicate a much higher aging effect caused by RILEM and PAV procedures compared to
BRRC procedure. The effect of UV aging is not significant for the SMA 8 mixture, while for
AC 11 mixture, the UV aging leads to higher force and energy values. It can be probably
explained by the effect of the polymer which has an retardant effect on the aging process by
UV radiation. Furthermore, SMA 8 mixture has a higher binder content and lower aggregate
surface area due to grading compared to AC 11 mix. If the aging affects the surface area of
the binder only, thick binder films will lead to a reduced effect on the total binder.

Figure 4-11. Effect of laboratory aging procedures on results of force-ductility tests obtained
for recovered binders Results of DSR
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The deformation energy of the unmodified binder extracted from AC 11 mixtures is affected
by the force development during the initial force peak only. Therefore the increased force due
to stiffer binder results also in an increase of deformation energy. For the SMA 8 mixture, the
aging also affects the deformation energy evolving at large ductility (polymer plateau). As
indicated in Figure 4-11 (bottom right) the deformation energy ratio is not affected
significantly by short-term aging or BRRC aging, while for RILEM aging as well as PAV aging
an decrease can be observed. This decrease can be attributed to a decrease of the effect of
the polymer in the binder.
4.1.3.3 Results of DSR Tests
The results of DSR tests conducted at 2 combinations of temperature and frequency are
plotted in Figure 4-10 (top: T = 52 °C, f = 1.6 Hz, bottom: T = 25 °C, f = 10 Hz).
The shear modulus at high temperature and low frequency can be used to differentiate
between the different aging protocols. Based on the Figure 4-10 (top left), the shear modulus
increases with the aging level and is more important after RILEM or PAV protocol. This is
coherent with the conclusions for the other properties.

Figure 4-12. Effect of laboratory aging procedures on results of shear modulus G* and phase
angle  measured by DSR at 52 °C, 1,6 Hz (top) and 25 °C, 10 Hz (bottom)
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Concerning the phase angle (Figure 4-12, top right), the lowest values are measured after
RILEM and PAV protocols. This decrease cannot be used to confirm the degradation of the
polymer after RILEM and PAV protocols because the phase angle decreases with the
hardening of the bitumen and also with the elasticity of the bitumen. Both effects are included
in the measurement and cannot be distinguished.
4.1.3.4 Results of FTIR tests for evaluating the oxidation degree
The results of FTIR tests conducted on the extracted binders from the aged asphalt mixtures
are plotted in Figure 4-13.
The carbonyl content of binder recovered after the different aging processes on asphalt
mixtures confirms:


that as expected, for the short-term aging methods applied, the shorter aging time
used in BRRC method (1.5 h) has less impact compared to the RILEM method (4 h)
(lower carbonyl content after 1.5h ).



the general trends observed for the other properties in function of the long term aging
procedure applied: the RILEM aging provokes a larger increase of carbonyl content
during long-term aging as compared to BRRC method.

It shows also that:


PAV procedure oxidizes the binder in the same proportion as the RILEM protocol for
the SMA 8 (L) but gives an oxidation level between the BRRC with UV protocol and
the RILEM protocol in case of AC 11.



addition of UV radiation has only an aging effect on the non-modified recovered
binder properties of AC 11 mixtures. In the case of SMA 8 (L), the adding of UV
during the BRRC protocol gives recovered binder with lower carbonyl content. This
difference between SMA 8 (L) and AC 11 mixtures can be related to the results of
force ductility.

The evolution of the sulfoxide content in function of the aging methods applied cannot be
used to draw these conclusions: their formation occurs before to the carbonyl formation
(because sulfoxide formation needs lower activation energy as compared to carbonyl) and
therefore the sulfoxide content does not change significantly depending on the method of
long term aging applied.
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Figure 4-13. Results of FTIR tests on binders extracted from aged mixtures Evaluation of
precision of aging methods

4.1.3.5 Evaluation of precision of aging methods
For evaluating repeatability and / or reproducibility limits for the applied aging procedures the
number of conducted aging trials as well as the number of participating laboratories is not
sufficient so far. Nevertheless, the standard deviations shown as arrow bars in Figure 4-10 to
Figure 4-13 indicate feasible test precision to allow the determination of significant changes
due to aging.
In Figure 4-14 the coefficients of variation as the quotient of standard deviation and mean
value are plotted for the binder properties pen, TR&B and E’0.2 obtained from the force ductility
test. Note that each coefficient of variation is obtained from four single test results obtained in
2 laboratories (except BRRC + UV, conducted in only one laboratory). The comparison of the
coefficients of variation obtained after aging with the variation obtained after mixing gives an
indicator for the precision of the aging procedure. Of course the overall scatter is built not
only from the aging procedure but also from originates from differences in mixing, extraction,
recovery and testing between the participating laboratories. These differences are also valid
for the freshly mixed material and therefore can be used to evaluate the precision of the
aging method only.
For the binder test results, the values obtained from the aged mixtures indicate generally
higher coefficients of variation compared to the freshly mixed samples for the SMA 8 (L)
mixture. AC 11 mixture shows less increase of scattering according to most aging
procedures. Generally BRRC aging method results in a lower scatter compared to RILEM
method and PAV method for pen and TR&B results.
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Figure 4-14. Effect of laboratory aging procedures on properties of binders recovered from
loose mixture

4.2 Results of Multiple Recycling study
To evaluate the multiple recyclability as well as the properties of binders containing polymer
modified bitumen of various producers a study on various SMA 8 samples was conducted
(compare section 3.2.2). In the following the results obtained on 12 SMA 8 mixtures as well
as aged SMA 8 mixtures are discussed. The samples are labelled according following code:



4.2.1

freshly mixed SMA 8 samples: Number _ letter _ number (example: 1A25):
o 1st number: recycling cycle,
0: without any RA,
1: 1st recycling cycle,
2: 2nd recycling cycle,
3: 3rd recycling cycle,
o letter: Virgin binder used in mixture,
A: 25/55-55 (chemically linked),
B: 25/55-55 (physically linked),
C: 45/80-50 (chemically linked),
o 2nd number: percentage of RA addition,
0 %, 25 % or 50 %
aged SMA 8 samples for simulated reclaimed asphalt (RA): RA _ number, where the
number indicates the RA application in each recycling cycle.
Results of the binder tests

The mechanical binder properties measured on the binders extracted from the 12 asphalt
mixtures are summarised in Table 4-5. Results from FTIR tests are summarised in Table 4-6.
In Figure 4-15 the results of ring and ball temperature and Penetration are plotted. Figure
4-16 displays the results of force-ductility tests and Figure 4-17 shows the results of DSR
analysis at test conditions specified in German binder specification document (T = 60 °C,
f =1.59 Hz).
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When comparing the values obtained for the binders extracted from the control mixtures
(0A0, 0B0 and 0C0) the softer binder product used for mixture 0C0 is clearly indicated by a
lower value of TR&B and a higher penetration value. But also the two binders used in mixtures
0A0 and 0B0 show noticeable differences despite both are binders classified as 25/55-55 A.
The same ranking between these binder products is observed for the mixtures containing 50
% of RA 1 (1A50, 1B50 and 1C50).
The effect of simulated long-term aging can be observed by comparing the binder extracted
from the RA to the one recovered from the unaged mixture (RA1, RA2 and RA3 compared
respectively to 0A0, 1C50 and 2C50).
4.2.2

Binder properties of multiple recycled asphalt mixtures

In the first recycling cycle, the binder properties of RA 1 indicate a long-term aged reclaimed
asphalt. The ring and ball temperature (TR&B = 68.2 °C) nearly reaches the value prohibiting
its recycling in new hot mix asphalt according to EN 13108-8 (TR&B = 70 °C). Though, the
binders extracted from the mixtures in the first recycling cycle (1A25, 1A50, 1B50 and 1C50)
indicate binder properties with feasible conventional and performance properties. Especially
by adding a polymer modified binder with lower viscosity 40/80-50A (cross-linked) (“C”), the
binder extracted from the resulting mixture 1C50 shows very similar binder properties
compared to the original unaged binder extracted from mixture 0A0.
Again by adding a comparably soft virgin binder to the RA even with the high recycling rate of
50 % during second and third recycling cycle, the resulting mixtures 2C50 and 3C50 indicate
acceptable binder properties.
Table 4-5: Results of the tests on binder samples recovered from the asphalt mixtures

TR&B [°C]
0A0
0B0
0C0
RA1
1A25
1A50
1B50
1C50
RA2
2C50
RA3
3C50

61.3
65.7
51.1
68.2
63.2
62.1
66.9
59.9
63.6
57.1
63.1
56.7

Pen
[1/10 mm]
38
26
67
25
33
32
26
37
26
41
26
42

Fmax [N]
3.7
8.9
0.8
10.0
4.0
5.0
10.0
3.2
6.5
2.7
7.6
2.4

Force-Ductility test
W0-0,2
W0,2-0,4 W0,2-0,4/W0-0,2
[J/cm²]
[J/cm²]
[-]
0.34
0.24
0.70
0.90
0.49
0.55
0.07
0.04
0.60
1.06
0.64
0.60
0.38
0.26
0.69
0.52
0.34
0.66
1.08
0.63
0.58
0.34
0.24
0.72
0.70
0.36
0.52
0.26
0.17
0.65
0.79
0.33
0.42
0.23
0.14
0.59

DSR; T = 60 °C,
f = 1,59 Hz
G*

[Pa]
[°]
12.050
72.2
23.400
69.5
3.250
78.2
23.750
69.8
13.250
71.9
16.150
71.1
22.950
69.3
9.020
74.4
15.700
73.2
6.720
76.0
16.550
74.1
6.705
76.3

FTIR results confirm that the oxidation degree of a multi-recycled mixtures increases
relatively slowly. The use of a softer bitumen as a new binder allows obtaining a new mixture
(2C50, 3C50) with a binder for which the oxidation degree is near to the one of initial mixture
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prepared with harder bitumen (0A0). Furthermore a decrease of the SBS peaks (H700 and
H968) due to the multi-recycling was not observed.
It has to be noted, that binder characteristics are obtained after extraction of binders.
Extraction leads to solubilise and mixture of the new binder and the old one coming from RA.
The results do not take into account neither double coating effect, nor the lack of
remobilization of the old binder, which may represent the main problems when adding RA to
a new mixture.
Table 4-6: Results of the tests on binder samples recovered from the asphalt mixtures

Results of FTIR:
0A0
0B0
0C0
RA1
1A25
1A50
1B50
1C50
RA2
2C50
RA3
3C50

A1700
13.1
12.1
11.3
14.8
12.6
13.0
14.5
13.1
15.2
12.8
16.7
13.6

A1030
5.9
5.7
5.7
6.1
5.7
6.2
6.5
6.2
6.3
6.1
7.5
6.6

Atot
166.5
163.2
155.0
170.3
164.8
166.6
172.1
162.6
168.6
161.7
178.4
165.5

H700
0.048
0.051
0.050
0.049
0.050
0.050
0.055
0.049
0.046
0.048
0.049
0.050

H968
0.069
0.074
0.072
0.069
0.072
0.072
0.070
0.069
0.066
0.068
0.070
0.071

Figure 4-15- Mean values of TR&B (left) and pen (right) measured on binder samples recovered
from the SMA mixtures
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Figure 4-16- Results of force-ductility tests: Mean values of maximum force (top left),
deformation energy between 0 and 0.2 m (top right) and between 0.2 and 0.4 m (bottom left)
deflection and ratio of deflection energy (bottom right) measured on binder samples recovered
from the SMA mixtures

Figure 4-17- Mean values of shear modulus G* and phase angle  measured in dynamic shear
tests at 60 °C and 1,50 Hz on binder samples recovered from asphalt mixtures

In Figure 4-18 the force-ductility plots and the isochrones of G* evaluated for a frequency of
f = 1.59 Hz from the DSR tests are plotted. In both plots, the graphs measured from the
mixtures containing 50 % of RA in 1st, 2nd and 3rd recycling cycle indicate their location below
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the lines measured on the control material 0A0 without any RA. By application of a virgin
binder with lower viscosity as applied for a mixture without RA, the hardening effect of longterm aging can be levelled. Furthermore, the tests conducted on binders recovered from the
mixtures 2C50 and 3C50 result in practically the same values and graphs (TR&B, Pen, FMax,
G*). This indicates the possibility, that the properties controlled by the viscosity of bitumen
are balanced between long-term aging and addition of softer binder. Thus, the application of
additional recycling cycles might result in very similar results. Though, the results of forceductility tests (W’0.2-0.4 and deformation energy ratio) indicate a reduction of polymer effect
between 2C50 and 3C50. Similar results can be observed for the long-term aged mixtures
RA2 and RA3. This point is due to the RILEM method used to produce RA and must be
confirmed by results from the field in the future.
4.2.3

Physical compatibility of PmB

The results of the multiple recycling study allows to evaluate the physical compatibility of
PmB if two kinds of SBS modified binders are mixed due to recycling. The asphalt mixture
1B50 was produced by mixing 50 % of RA 1 containing aged chemically linked SBS-modified
binder and virgin physically mixed SBS-modified binder. All binder tests indicate that the
mixing happened without any observations showing that the resulting mixture would inhibit
incompatibilities. Despite the test results obtained for the binder extracted from mixture 1B50
which indicates higher viscosity compared to the other mixtures, these results can be easily
explained by the higher viscosity of the virgin binder “B” itself.

10.000.000
MR-0A0
MR-0C0
MR-RA1
MR-1C50
MR-RA2
MR-2C50
MR-RA3

Shear Modulus |G*| (f = 1,59 Hz)

1.000.000

100.000

10.000

1.000

100
30

50
70
Temperature T [°C]

90

Figure 4-18- Results of force-ductility tests and DSR analysis: Measured force versus
deflection for the SMA mixtures (left) and G* master curves obtained from DSR tests.

4.2.4

Validation of mixing law

The study presented allows the validation of the mixing law applied during mix design of new
asphalt mixtures containing RA. For six mixtures analysed in this study (1A25, 1A50, 1B50,
1C50, 2C50 and 3C50) the applicability of the mixing law can be validated. To check,
whether the mixing law is applicable for mix design of asphalt mixtures containing polymer
modified binders as well as on performance binder properties derived from Dynamic shear
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rheometer and force ductility tests, the linear and logarithmic mixing law is applied to
calculate the resulting binder properties. These theoretical values are then compared with
the actual test results in order to decide the applicability of the mixing law (compare
equations 1 and 2 - section 2.3.1). As an example, Figure 4-19 shows the mixing laws
applied to the test results of TR&B and Pen. Whereas for TR&B the application of logarithmic
and linear mixing law results is a good agreement between calculated and measured values
for penetration obviously only the logarithmic mixing law is applicable, because linear mixing
law overestimates the values of Pen. The relevance of the mixing law is indicated by a high
coefficient of correlation R² and a slope of the linear regression line near a = 1.
For checking the applicability for all the binder properties, these two values are summarised
in Table 4-7. For all test parameters except of the deformation energy ratio obtained from
force-ductility tests, the application of logarithmic mixing law results in calculated values very
close to the actual measured test results. Especially the shear modulus G* and phase angle
 obtained from DSR show a very close correlation between calculated and measured binder
property.
For extracted binders where the aged binder originating from RA as well as the virgin binder
are mixed thoroughly during extraction and recovery it could be shown, that mixing law is
feasible to estimate the resulting binder properties. This issue does not take into account that
some parts of RA binder may not be mobilised during real mixing process and no doublecoating effect occurs in practise. In order to evaluate the applicability of mixing laws on
asphalt mixture properties, the mixtures were further analysed in terms of performance tests
on compacted asphalt samples. These results are discussed in Re-Road deliverable D2.4
(De Visscher 2012).
log mixing law

lin mixing law
50

68
lin.
y = 1,0036x
R² = 0,9285

64

62
log
y = 1,0035x
R² = 0,9194

60
58

y = 1,1325x
R² = 0,8737

45
PenCalculated

TR&B, Calculated

66

40

35
y = 1,028x
R² = 0,937

30
25

56

20
56

58

60 62 64
TR&B, Measured

66

68

20

30
40
PenMeasured

50

Figure 4-19. Application of linear and logarithmic mixing law on the test results obtained in
extracted binders
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Table 4-7: Applicability of mixing law on performance test methods and polymer modified
binders: slope and coefficient R² of the correlation between calculated and measured binder
properties.

binder property
TR&B
Pen
FMax
E’0.2
E’0.2-0.4
E’0.2-0.4 / E’0.2
G*60°C.1.59Hz
60°C.1.59Hz

linear mixing law
a
R² [%]
1.004
93
1.133
87
1.110
61
1.083
50
1.050
77
0.921
38
1.099
88
0.999
99

logarithmic mixing law
a
R² [%]
1.004
92
1.028
94
0.995
94
0.959
94
0.937
90
0.915
39
1.040
100
0.997
99

4.3 Results of rejuvenator study
4.3.1

Results of laboratory mix design study

The properties of the RA used during the rejuvenator study are summarised in Table 4-8.
Table 4-8: Properties of RA used in rejuvenator study

Sieving curve
0.063 mm
0.25 mm
0.71 mm
2 mm
4 mm
8 mm
11 mm
16 mm
Content of bitumen B [% by mass]
Softening point [° C]
penetration [1/10 mm]

% by mass
11.0
16.5
25.8
44.2
60.8
79.9
91.0
98.8
3.8
78
11.8

The composition and some properties of asphalt prepared in laboratory are shown in Table
4-9. In all cases 7 kg of new mixtures were prepared with target bitumen content 5% (m/m).
RA and STORBIT were not heated and were added as last components in laboratory mixer.
Only with last mixture containing 30% RA and no STORBIT we missed target bitumen
content for 0.1 % (m/m).
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Table 4-9: Composition of laboratory prepared asphalts

RA-content [% by mass]

RA
0/0.63 mm
0.063/0.25 mm
0.25/0.71 mm
0.71/2 mm
2/4 mm
4/8 mm
8/11 mm
11/16 mm
STORBIT
fresh BITUMEN
Measured
bitumen content
Softening point
Penetration
Fraass
ITS (2x50
blows) at 25 °C
Temperature of
compaction

0

10

30

50

kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
kg
% (m/m)

0.000
0.818
0.120
0.392
0.931
1.197
1.264
0.798
1.131
0
0.35
5.0

0.701
0.721
0.114
0.327
0.808
1.089
1.142
0.728
1.049
0.0103
0.3131
5.0

2.106
0.511
0.101
0.209
0.572
0.875
0.888
0.585
0.882
0.0309
0.2393
5.0

3.500
0.312
0.088
0.088
0.326
0.658
0.651
0.441
0.719
0.0515
0.1655
5.0

30
without
rejuv.
2.106
0.511
0.101
0.209
0.572
0.875
0.888
0.585
0.882
0
0.270
5.1

°C
1/10 mm
°C
[MPa]

48.4
65
-11
0.93

50.6
63
-12
0.97

63.2
63
-15
0.91

75.4
54.0
-18
0.91

53.4
44
-11
1.23

°C

150

155

160

165

160

From the laboratory mix design study following conclusions were drawn:





The mixing time had to be prolonged in order to get suitable homogenous mixtures.
Softening point of extracted bitumen increased with percentage of RA and Storbit.
The addition of Storbit results in n increase of sofening temperature as can be seen
when comparing the samples "30" and "30 without rejuv.".
Fraass breaking point decreased, so service temperature of bitumen (difference
between TR&B and Fraass) increased accordingly.
Mechanical properties of asphalt mixtures tested according to EN 12697-23 (indirect
tensile test) were almost uniform for all mixtures even when Storbit was added.

Further the laboratory tests allowed validating mixing law for the control mixture without
rejuvenator. 23% of the total bitumen originated from RA whereas 77% from the virgin
bitumen. From bitumen data in Table 4-8 and the value for fresh binder (pen = 65 1/10 mm,
TR&B = 48.4 °C) the mix equation results in calculated binder values in the resulting mixture of
43.9 1/10 mm for penetration (compared to actual measured 44 1/10 mm) and 55.2 °C for
TR&B (compared to actual measured 53.4 °C). When the log mixing law is applied also for
TR&B the calculation results in a value of 54 °C which is closer to experimental value.
4.3.2

Results from asphalt plant mixing study

On asphalt plant Podutik asphalt mixture AC 16 containing 48.5 % RA was prepared from
available stone fractions. Mixture was prepared as follows:
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filler (LAŽE)
0/16mm fraction (DOBREPOLJE)
8/16mm fraction (DOBREPOLJE)
0/16mm RA
fresh bitumen 70/100
STORBIT
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2.4 % (m/m)
27.2 % (m/m)
18.9 % (m/m)
48.5 % (m/m)
2.2 % (m/m)
0.7 % (m/m)

Table 4-10: Basic properties of fresh bitumen B 70/100

Binder property
penetration at 25°C:
softening point R&B:
Fraass breaking point:

unit
mm/10
°C
°C

value
94
46,1
-19

Asphalt AC 16 containing about 50% RA was successfully produced in ordinary batch
asphalt plant with no special hardware for RA addition like parallel drum. In spite of low
temperatures after production (about 100°C) the asphalt mixture was also successfully layed
and compacted as a wearing course in a test section. For comparison immediately
afterwards AC 16 without RA was produced and layed. Production of asphalt mixture and
laying asphalt are more detailed in Deliverable 4.5.
Here emphasis is on quality of produced asphalt mixture and difference between asphalt
mixtures produced in laboratory and in plant. From sieving curve in Table 4-11 it can be seen
that in plant mixture containing RA 0.7 % more fine particles of stone aggregate were
obtained than in laboratory and 0.9 % more than in plant mixture without RA. It is possible
that in asphalt plant asphalt mixer is crushing cold RA particles.
Table 4-11: Sieving curve of plant mixture without RA and asphalt mixture from the plant or
produced in the laboratory (both containing round 50% RA and Storbit)

Sieve
mm

% (m/m)
Plant mixture without RA

0.00 - 0.063
0.063 – 0.09
0.09 - 0.25
0.25 - 0.71
0.71 - 2.00
2.00 - 4.00
4.00 - 8.00
8.00 - 11.2
11.2 - 16.0
16.0 – 22.4

8.6
9
13
21
39
54
76
92
100
100

% (m/m)
Plant mixture with
RA
9.5
10
14
22
40
56
78
90
96
97

% (m/m)
Lab. mixture with RA
8.8
10
14
21
35
49
71
87
100
100

From bitumen content in Table 4-12 it can be seen that all mixtures were produced according
to mix design. The observed difference of 0.1 % (m/m) remains inside measurement
uncertainty.
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Table 4-12: Properties of plant mixture without RA and asphalt mixture from the plant or
produced in the laboratory (both containing round 50% RA and Storbit)

5.0
52.5
42
2.2

Plant
mixture with
RA
4.9
77.6
42
1.8

Lab.
mixture
with RA
5.1
75.4
54
1.9

EN 12697-8

84.6

86.8

86.9

kg/m
kg/m3

EN 12697-6
EN 12697-5

2462.6
2517.5

2476.3
2521.4

2485
2532

kN

EN 12697-34

10.4

11.0

-

mm

EN 12697-34

2.6

3.3

-

kN /mm

EN 12697-34

3.9

3.4

-

ITSd (at 25oC)

kPa

EN 12697-12

929.5

769.1

ITSw (at 25oC):
Water sensitivity
ITSR (ITSw /ITSd):
Compactibility
C/0.0202 (at 148 0 C)
Failure stress
σcry. failure
Failure temperature
Tfailure

kPa

EN 12697-12

888.3

773.6

910 (2x50
blows)
-

%

EN 12697-12

95.6

100.6

-

[21 Nm]

EN 12697-10

30.7

24.5

-

MPa

EN 12697-46

3.9

5.2

-

°C

EN 12697-46

-27.5

-32.0

-

Unit

Method

Plant mixture
without RA

% (m/m)
°C
mm/10
% (V/V)

EN 1427
EN 1426
EN 12697-1
EN 12697-8

% (V/V)

property
Bitumen content
Softening point
penetration
Void content
Voids filled with
bitumen
Bulk density
Maximal density
Marshall stability at
60 °C
Marshall flow at
60 °C
Marshall stiffness at
60 °C

3

The softening point temperatures of extracted bitumen in Table 4-12 are similar between
laboratory mixture and plant mixture with RA and Storbit, but the penetration values are more
similar between plant mixture with RA and Storbit compared to plant mixture without RA.
Volumetric properties are comparable for all three mixtures. Mechanical tests were
performed only on both plant mixtures. Mixture containing RA is a bit less resistant on
compaction but is also less sensitive to water than the "classical" asphalt mixture. Low
temperature properties measured with TSRST method are obviously better for mixture
containing RA and Storbit.
Tests on asphalt cores taken from filed have confirmed appropriate compaction degree and
void content of asphalt layers. Wheel tracking test have shown a slightly lower resistance to
the formation of ruts for asphalt layer containing RA. All asphalt properties are within
acceptable limits. From Table 4.13 it can be also seen that void content on test field is higher
than in laboratory. More detailed description about test production and implementation on
test filed is presented in Deliverable 4.5 (Tusar et al. 2012).
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Table 4-13: Properties of built in asphalt course containing round 50% RA and plant mixture
without RA

%

EN
1269722
mm

Proporc.
rut
depth
PRDAIR
EN
1269722
%

5.3

96.4

6.22

10

0.28

60

4.4

97.7

4.17

7

0.13

2390

67

5.2

96.5

5.9

8.8

0.21

2418

68

4.0

98.2

5.05

7.4

0.1

Bulk
density
Sample

Void
content

kg/m3

EN
1269736
mm

% (V/V)

2388

62

2407

EN
12697-6
Plant mixture
with RA on
55 0C
Plant mixture
without RA
on 55 0C
Plant mixture
with RA 50
0
C
Plant mixture
without RA
on 50 0C

Thickness

Comp.
degree

Average
rut
depth

Rate of rut
propagation
WTSAIR
EN 12697-22
mm/1000

4.4 Double Coating
For the purpose of this study, 4 kg of asphalt AC 16 containing 10% RA was prepared in a
laboratory asphalt mixer. Properties of RA are summarised in Table 4-8. The visual
appearance of RA is presented on Figure 4-20. The mix design of asphalt prepared in
laboratory is presented in Table 4-14.
All fresh materials were heated to 150 °C. RA was dried in a ventilated oven at room
temperature and it has not been preheated. Mixing time was round 3 minutes. During mixing
procedure we noticed that mixture was becoming red (Figure 4-21).
After mixing we tried to visually detect double coated RA. Mostly grains of asphalt were
uniformly red coloured (Figure 4-22). Only few grains were darker (Figure 4-23). With
additional examination of these stone grains we found out that darker stones were originated
from RA containing basalt stone aggregates. From visual observation we concluded that
bitumen (fresh and aged) is mixed and equally distributed over stone aggregates.
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Table 4-14: The mix design of asphalt prepared in laboratory

stone aggregate fractions

Composition [kg]

RA

0.401

0/0.63 mm

0.412

0.063/0.25 mm

0.065

0.25/0.71 mm

0.187

0.71/2 mm

0.462

2/4 mm

0.622

4/8 mm

0.653

8/11 mm

0.416

11/16 mm

0.599

Sum RA and stone aggregate

3.817

Synthetic BITUMEN

0.185

Figure 4-20. RA used for double coating effect investigation
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Figure 4-21. Mixing procedure with laboratory mixer.

Figure 4-22. Mostly grains of asphalt were uniformly red coloured.

Figure 4-23. Produced asphalt mixture was carefully observed to visually detect double coated
RA. Only few darker grains like the one on right picture were found.
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5 Conclusions
5.1 Simulation of long-term aging by storing loose asphalt mixture
in an oven
Various laboratory aging procedures for simulating the long-term aging of asphalt mixture
were analysed during a comparative study in order to develop a suitable conditioning method
for aging. Such a conditioning method should provide a basis for assessment of the durability
of asphalt performance as well as its end-of-life recyclability. It was demonstrated that aging
asphalt mixtures could be carried out successfully by applying the laboratory procedures
described in this deliverable. Moreover, such methods are suitable for a characterisation of
the recovered binder as well as for performance testing on compacted aged asphalt
mixtures. In particular, the following observations are made:
 Aging of loose asphalt mixture in an oven is a suitable method in order to simulate
long-term aging of asphalt mixture.
 According to the Arrhenius law, the higher the ambient temperature during the aging,
the higher the aging impact. At a temperature of 85 °C as applied for the RILEM
aging method, aging of binder after 9 days is more severe than at an aging
temperature of 60 °C and 14 days of aging (BRRC aging method).
 Additional UV radiation tends to show that it leads only to slightly increased aging
(shown for aging temperature of 60 °C) of a asphalt mixture containing unmodified
binder. No effect was observed for the asphalt mixture containing SBS modified
binder.
 To reach an aging comparable to the RILEM-method in a short time, the aging of
loose mixture for 20 hours at a temperature of 90 °C in PAV was found suitable.
Though, if higher temperature and aging time is applied, asphalt mixture can age
unrealistically hard.
 If the deformation energy ratio E’0,4-0,2 / E’0,2 derived from force ductility test results is
used as an indicator for the polymer activity, it can be concluded that RILEM and PAV
aging protocol affects both bitumen and polymer molecules in the SMA 8 (L) mixture
whereas the polymers are not affected by the BRRC aging procedure.
 The test scatters obtained from the binder properties of binder samples extracted
from aged asphalt mixtures are slightly higher compared to those extracted from
freshly mixed material.
 Generally BRRC aging protocol results in lower coefficients of variation compared to
RILEM or PAV protocol.
The results of a study to analyse the precision of the applied aging procedures indicate that
the laboratory aging of asphalt mixtures results in feasible repeatability and reproducibility
levels. The results presented also indicate that the relative effect of aging in the applied
methods is different from mixture to mixture. While the PAV aging results in the highest aging
for mixture SMA 8 (L), the RILEM-method is the most severe method for asphalt mixture AC
11. The three mixtures considered in this study showed differences according to the binder
type used (strait bitumen and polymer modified binder) as well as the binder content and
grading, which results in different binder film thickness.
From this work the “RILEM” and “BRRC” aging methods seems to be the more suitable
methods to condition large amounts of asphalt mixtures in order to produce specimens for
performance asphalt tests and for analysing effect of aging on durability. Whereas BRRC
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protocol results in a higher precision compared to RILEM method its aging condition has a
lower effect on the polymer degradation of modified mixtures.

5.2 Binder test methods applied (chemical and physical) for binder
compatibility
To evaluate the binder properties of mixtures containing RA with polymer modified bitumen
several test methods were applied. For indicating the remaining polymer effect in an asphalt
mixture an advanced analysis of force-ductility test by calculating the deformation energy
ratio E’0.2-0.4/E’0.2 ductility was found suitable.

5.3 Mixed binder properties (PmB), checking of mixing law
By multiple recycling experiments it could be shown that adding of RA containing SBS
modified binder to asphalt mixture containing new SBS modified binder of another type
results in suitable properties of the binder extracted from the resulting mixture. However, this
compatibility study has been carried at a binder scale, after that binder have been extracted
from mixtures and recovered. After extraction and recovery, binders are easily mixed, which
is not really representative from what happens for asphalt mixtures.
The logarithmic mixing law as already introduced for calculating resulting Pen values during
mix design is proven suitable for being applied to polymer modified binders and on
performance test parameters G* and  obtained from DSR and FMax and E’0,2 obtained from
force-ductility test.

5.4 Multiple recycling
For a SMA 8 mixture composed of polymer modified binder it could be shown that multiple
recycling cycles with RA contents of 50 % result in suitable properties of extracted binders.
By using a polymer modified binder of lower viscosity as virgin binder, the long-term aging
effects can be balanced. According to the binder properties analysed, the mixtures
composed of material which already went through several recycling cycles still shows
suitable performance. No reduction of lifetime of the mixture containing 50 % of simulated RA
has to be expected.

5.5 Potential of rejuvenators
In a case study the applicability of a rejuvenator product, which is composed of petroleum
distillates and paraffin waxes, the potential of its use in order to enable the recycling of RA in
high proportions in new mixture was shown. In the scope of this project only one case study
was performed, but several other types of rejuvenators are present on the market. From this
case study we can conclude that use of rejuvenators is cost effective, but it must be daily
practice. If rejuventaors are used only occasionally, then such productions represent
disturbance in regular production. The quality of asphalt mixture containing rejuvenator and
RA is in most cases equal or even better than fresh asphalt mixture.

5.6 Research needs
Following research needs were indicated during the laboratory work conducted:


Field validation concerning the properties of the polymer contained in the PmB
extracted from RA is needed. It has to be analysed if the polymer is degraded during
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service life of surface courses (approx. 10 to 20 years) in order to be able to indicate
which aging procedure best simulated the site aging.
For SBS-modified binders (both cross-linked and physically mixed), which are the
types currently most often used in Europe, the compatibility between different
products were shown. Though, for special binder modifications as well as other
asphalt additives the compatibility shall be investigated in future (e. g. wax, crumb
rubber (wet), polymers, crumb rubber (dry).
The case study indicating feasible applicability of one rejuvenator product in order to
increase the addition rate of RA must be monitored further in order to evaluate the
long-term performance of the pavement. Additional rejuvenating products shall be
evaluated accordingly.
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