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Executive summary
This deliverable synthesizes the findings which are discussed in detail in deliverables
D2.3 "Chemical and physical compatibility of new and aged binders from RA"
(Mollenhauer et al. 2012), D2.4 " Mix design and performance of asphalt mixes with
RA" (De Visscher et al. 2012) and D2.6 " Main report on results of comparative site
monitoring" (Carswell et al. 2012). Further the significant results obtained in other ReRoad work packages are also discussed in this report and considered in drawing
conclusions. As an executive summary, the significant results are presented in
section 2.
This report discusses following topics in detail:



Applicability of mixing law in theoretical mix design for the prediction of
performance based binder characteristics of SBS modified bitumen,
Validation of laboratory performance test results using the findings of the case
study survey.

Finally, a five-stage mix design procedure is proposed in order to enable the highquality and quantity recycling of reclaimed asphalt coming from surface courses back
into new surface courses:






Step 1: Characterization of the constituents
Step 2: Selection of new materials
Step 3: Theoretical mix design
Step 4: Performance testing
Step 5: Determination of plant mix formula
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1 Introduction
1.1 Overview Re-Road WP2
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. Sustainable construction processes that conserve natural resources are
well recognized within the asphalt industry, although practices for asphalt recycling
vary to a great extent across Europe. Today a large amount of demolished asphalt
pavement 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
mixtures reduces CO2 emissions significantly.
The Re‐Road project aims to develop knowledge and innovative technologies for
enhanced end of life strategies for asphalt road infrastructure. Such strategies have
an important positive impact on the energy efficiency and the environmental footprint
of the European transport system and fit within the life‐cycle thinking which is being
introduced in waste 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” was to analyse the potential
use of RA in new asphalt surface layer mixes in consideration of the use of modified
binders. Therefore, the chemical compatibility of new binders with old (polymer
modified) bitumen in RA and the physical and mechanical performance of the
resulting binder and asphalt mixes are examined in laboratory whereas existing case
studies are evaluated further for practice validation in order to develop mix‐design
guidelines to ensure a long service life of asphalt mixes with reclaimed asphalt.

1.2 Partners/Authors
This deliverable summarises the research work conducted for the Re-Road project,
work package (WP) 2. Following authors contributed to the experimental studies and
discussions of the results presented:









Konrad Mollenhauer (TUBS)
Virginie Mouillet, Thomas Gabet (IFSTTAR)
Joëlle De Visscher, Nathalie Piérard, Ann Vanelstraete (BRRC)
Ian Carswell (TRL)
Robert Karlsson, Dina Kuttha (VTI)
Rawid Khan, Davide Lo Presti (UNott)
Jørn Raaberg (DRI)
Marjan Tušar (ZAG)

Additionally, the technical staff conducting the experiments at the participating
laboratories is acknowledged.
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1.3 Scope of the report
This deliverable synthesizes the findings which are discussed in detail in deliverables
D2.3 "Chemical and physical compatibility of new and aged binders from RA"
(Mollenhauer et al. 2012), D2.4 " Mix design and performance of asphalt mixes with
RA" (De Visscher et al. 2012) and D2.6 " Main report on results of comparative site
monitoring" (Carswell et al. 2012). Further the significant results obtained in other ReRoad work packages are also discussed in this report and considered in drawing
conclusions. As an executive summary, the significant results are presented in
section 2.
This report discusses following topics in detail:



Applicability of mixing law in theoretical mix design for the prediction of
performance based binder characteristics of SBS modified bitumen,
Validation of laboratory performance test results using the findings of the case
study survey.

Finally, a five-stage mix design procedure is proposed in order to enable the highquality and quantity recycling of reclaimed asphalt coming from surface courses back
into new surface courses:






Step 1: Characterization of the constituents
Step 2: Selection of new materials
Step 3: Theoretical mix design
Step 4: Performance testing
Step 5: Determination of plant mix formula

2 Executive summary of WP2 results
The work package 2 of re-Road aimed at the objective to establish a mix design
procedure for surface asphalt mixtures containing medium and high percentages of
reclaimed asphalt as well as evaluating the material performance in laboratory and
on site. Therefore, specific topics were elaborated in three task groups:




TG 2.1: RA compatibility with the new binder (conventional and modified),
TG 2.2: Impact of RA on mix design and laboratory performance,
TG 2.3: Field validation.

The results of each task groups are presented in deliverables D2.3, D2.4 and D2.6
on which this synthesis report is based. The following section summarizes the results
obtained in the single work tasks. For details, the deliverables are accessible online.

2.1 Results obtained in TG 2.1
Following results were obtained during research work conducted in TG 2.1 "RA
compatibility with the new binder (conventional and modified)”. The results are
discussed in detail in deliverable D2.3 (Mollenhauer et al. 2012).
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2.1.1 Simulation of long-term aging by storing loose asphalt mixture in an oven
Four laboratory aging procedures for simulating the long-term aging of loose asphalt
mixture were analysed during a comparative study in order to develop a suitable
conditioning method for aging (compare Table 2-1).
Table 2-1: Parameters of laboratory aging procedures conducted on loose asphalt mixture
Name of
Mixing
Short-term aging
Long-term aging
Aging
tempTempDuraTempPressure UV-RadiAging
Procedure
erature
erature
tion [h]
erature
p [MPa]
ation
duration t
T [°C]
T [°C]
T [°C]
[days]
BRRC
4
60
14
RILEM
1,5
85
9
165
135
PAV
4
90
2,1
1
UV
1,5
60
x
14

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 detail in deliverable D2.3 (Mollehauer et al. 2012).
Moreover, such methods are suitable for a characterization of the recovered binder
as well as for performance testing on compacted aged asphalt mixtures. In particular,
the following observations could be made by optimising the aging procedures and
comparing the aging effects on binder and asphalt mix properties:
 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 increase in
aging (shown for aging temperature of 60 °C) of an 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 protocols affect both bitumen and polymer molecules in
the SMA 8 (L) mixture whereas the polymers are not affected by the BRRC
aging procedure.
 The test scatter on 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.
Beneficiary - 07 - TUBS

Grant SCP7-GA-2008-218747
Page 8 of 25

Author: K MOLLENHAUER

File: Re-road_D2 7

Deliverable 2.7

WP 2

D2.7

1.0

Impact of Reclaimed Asphalt characteristics on Mix
Design and Performance - Final Report

07 - TUBS

2012-11-22

PU

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 (straight 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 seem 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 effects of aging on
durability. The BRRC protocol results in a higher precision on the characteristics of
the recovered binder, compared to the RILEM method, and its aging conditioning
leads to less polymer degradation for polymer modified mixtures.
2.1.2 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.
2.1.3 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 an 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 performed at a binder scale,
after the binders have been extracted from mixtures and recovered. After extraction
and recovery, binders are easily mixed, which is perhaps not representative for what
happens when an asphalt mixture is prepared.
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.
2.1.4 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 increase in viscosity due to 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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2.1.5 Potential of rejuvenators
In a case study the applicability of a rejuvenator product, which is composed of
petroleum distillates and paraffin waxes, was evaluated. The potential of its use in
order to enable the recycling of RA in high proportions in new mixtures 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 can be cost effective. The quality of asphalt mixture
containing rejuvenator and RA is in the observed case equal to the quality of
standard asphalt mixture.
2.1.6 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 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 was 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 or dry), other types of polymers, ….
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.
The effects of rejuvenators on asphalt durability shall be investigated further in
future.

2.2 Results obtained in TG 2.2
Two extensive experimental programs were set up in TG2.2 "Impact of RA on mix
design and laboratory performance" to investigate mix design and performance of
asphalt mixes with RA containing PmB. The results are discussed in deliverable D2.4
(De Visscher et al. 2012).
2.2.1 Results of laboratory mixing study
The laboratory mixing study was made to investigate the effect of the laboratory
mixing procedure on the performance characteristics of asphalt with RA and PmB.
This is a very important question, since mix design is usually based on, or validated
by an initial type testing study. As discussed in the state of the art, this study is in
most cases done with laboratory prepared mixes and performance based. Therefore,
we need to be sure that the laboratory mixing procedure leads to a mix with the same
performance characteristics as the plant mix.

Beneficiary - 07 - TUBS

Grant SCP7-GA-2008-218747
Page 10 of 25

Author: K MOLLENHAUER

File: Re-road_D2 7

Deliverable 2.7

WP 2

D2.7

1.0

Impact of Reclaimed Asphalt characteristics on Mix
Design and Performance - Final Report

07 - TUBS

2012-11-22

PU

The experimental program considered 10 different laboratory mixing procedures in 5
different laboratories. The performance testing consisted of compactability, stiffness,
water sensitivity and permanent deformation. A mix type SMA 8 with 15 % of RA
containing PmB from a German asphalt plant was used as test case.
The main conclusions of this study are the following:






Considering the 10 different laboratory mixing procedures, the mixing times are
not as critical as expected since they don’t have a significant impact on the test
results. There was however a weak trend observed that the longer mixing times
lead to higher densities caused by increased compactibility. Several possible
explanations were given: a better coating of the aggregates and/or more grinding
of the aggregates. This latter explanation could play a particular role in this mix
because of the steel slag which contains internal pores that may become
accessible when the stones are subjected to grinding. The visual techniques (Xray CT scans and Optical Image Analysis) also gave some qualitative indications
that the longer mixing times slightly improve the homogeneity of the mixes (this
was seen in the distribution of the steel slag aggregate) and improve the
aggregate coating.
The differences between the 5 laboratories were larger than the variations due to
mixing times. This was expected, since the laboratories used different types of
mixers and different gyratory compactors to compact the specimens. These
differences should be accounted for when imposing specifications on the test
results.
For the SMA 8 mix considered in the experimental program, there was no
significant difference seen between the average results of the laboratory
prepared mixtures on one hand and the plant mix on the other hand in any of the
performance tests. This shows that it is valid to do an initial type testing study
with laboratory prepared mixes, when the correct procedure for laboratory mixing
is followed.

2.2.2 Results of multiple recycling study
The multiple recycling study was made to investigate the effect of recycling a mixture
containing PmB more than once on the performance of the resulting mixtures. Other
important issues like compatibility of the new PmB with the old PmB and the validity
of mixing laws for predicting the properties of a mixture with up to 50 % RA were also
addressed in this study. These are very important and urgent questions to be solved,
since we have come to a point where high quantities of RA that become available
nowadays for recycling are coming from the rehabilitation of surface layers, mostly
containing PmB and often already containing RA.
The experimental program considered up to 3 recycling cycles and 3 different PmB
with different properties. The performance testing consisted of compactability,
stiffness, permanent deformation and low temperature cracking measurements.
The main conclusions of this study are:


The multiple recycling of 50 % RA in new asphalt mixes in 3 recycling cycles with
optimal laboratory conditions results in asphalt performance comparable to the
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properties of SMA mixes containing 100 % virgin material. This conclusion is
valid for the laboratory conditions applied, where the influence of different
grading in RA and new mix was not considered and “pure” simulated RA without
any other materials (e. g. other layers, rehabilitation patches) was added to the
new mixes. In terms of binder reactivation the laboratory ageing simulating longterm site ageing won’t affect the recyclability of surface course SMA if virgin
binder of reduced viscosity is added to the mixes.
Between the binders analysed, no sign of incompatibility between aged and fresh
polymer modified binders could be observed. This conclusion can be drawn for
the analysed combinations of binders (chemically and physically linked SBSmodified binders).
The mixing law as applied during mix design may be also valid for some asphalt
mix properties. Though, most performance test results showed only little
differences between the analysed mix variants in this study. Only for the uniaxial
tensile stress tests (UTST) the tests on the mixes resulted in a wide range of test
results. For these results, the logarithmic and linear mixing law results in a good
agreement between calculated and measured properties. For the other test
results the properties between the analysed mixes didn’t vary considerably,
which doesn’t allow to draw conclusions about the validity of mixing laws.

The experience gained while carrying out these experimental programs leads to the
following recommendations for an advanced mix design procedure:







The RA shall be correctly characterized and these characteristics shall be used to
design the new mixtures. This becomes more and more important, because of the
high quality of the materials used in surface layers. Instead of “down-cycling” this
material, their good characteristics shall be used in an optimal way and this starts
by knowing and controlling these characteristics. This also implies that measures
shall be taken to ensure that the RA used in the plant is from the same stockpile
as the RA used for the initial type testing.
Knowing and controlling the grading of the RA, it is possible to determine correctly
the grading of the new mixture and consequently also the volumetric composition
of the mix. This is very important because of the impact of the volumetric
composition on the performance characteristics. Throughout the experimental
work done in this task 2.2 of WP2, the various mixtures with RA were designed in
such a way that the grading was the same and the performance tests made on
the various mixes showed the success of this approach.
No problems of incompatibility were encountered in the multiple recycling study.
When using binders of a very different nature, binder compatibility shall be
investigated more thoroughly.
Performance testing is necessary to validate the mix design. Preparing the test
specimens with laboratory mixed material was acceptable for the mix studied in
the lab mixing study. The validity of predicting the asphalt performance using
mixing laws was less convincing as shown in the multiple recycling study. It may
be acceptable as a first estimation, but performance testing on the final mix
remains necessary.

Beneficiary - 07 - TUBS

Grant SCP7-GA-2008-218747
Page 12 of 25

Author: K MOLLENHAUER

File: Re-road_D2 7

Deliverable 2.7

WP 2

D2.7

1.0

Impact of Reclaimed Asphalt characteristics on Mix
Design and Performance - Final Report

07 - TUBS

2012-11-22

PU

2.3 Results obtained in TG 2.3
In Task 2.3 several existing test sites were monitored in Denmark, Sweden and the
UK in order to evaluate the medium term performance of the asphalt surface course
variations applied. Besides the test sites on which plant mixed asphalt surface
mixtures with considerable percentages of reclaimed asphalt were applied, also hotin-place remixed surface courses were monitored. Monitoring schedule and results
are discussed in detail in deliverable D2.6 " Main report on results of comparative site
monitoring" (Carswell et al. 2012).
From the monitoring undertaken in Denmark, Sweden and the UK on various in situ
and plant mixed surface course recycling sites the following conclusions, based on
comparative performance between control and recycled sections, were drawn.
2.3.1 Plant mixed recycling
The performance of plant mixed recycling with a proportion of RA added to a new
surface course has been shown to provide comparable service for the medium to
long term. This has been demonstrated in pilot scale trials over 10 years, road trials
over 8 years and in re-surfacing schemes after nearly 6 years’ service with additions
of RA of between 23 – 30%.
Quantities of up to 40% RA have been added to the surface course but only short
term performance (3 years) is so far demonstrated and further data is required.
The use of PmBs in the trials and schemes, either present in the RA, added at the
plant, or both, does not present any problems both in terms of mixing and laying or
on the in service in any adverse effect on in service performance.
There was some variation in recovered binder properties between control and RA
sections but none were a serious cause for concern. Deformation resistance for all
materials was very good as would be expected. Visual observations in the field were
the key in demonstrating in service performance.
The schemes with RA in the surface course have utilised the existing worn out
surfacing as the RA source which in each case provided a consistent source of
supply of RA.
2.3.2 In situ surface course recycling
There have been improvements in the operational process for in situ recycling since
the late 1990’s and this has led to a more consistent end product.
Studies of over 300km of roads in Sweden showed that there were no clear
indications of a high recycling ratio having an adverse effect on in service
performance compared with control sections.
Recycling in situ has proved to be effective in reducing the longitudinal uneveness
(expressed by International Roughness Index IRI) and hence increasing the ride
quality of the pavement.
About a quarter of sites gave performance below that of the comparative control and
reasons for this were poor original structural capacity, poor original material, limited
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ability to compensate with new material, variability in original material and production.
However, the vast majority of remixed sections gave comparable performance
despite high recycling ratios. Furthermore, In situ recycling could be applied multiple
times without adversely affecting the asphalt performance.
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3 Synthesis of test results
In order to elaborate the final results of WP2, results obtained in the single work
packages are further evaluated comparatively. Firstly, the two parts of the multiple
recycling study as discussed in deliverable D2.3 (Mollenhauer et al. 2012) and D2.4
(De Visscher et al. 2012) are combined in order to identify the validity of mixing laws
for binder and asphalt mix performance (section Fehler! Verweisquelle konnte
nicht gefunden werden.). Section 3.2 aims at validating laboratory test results on
the performance of surface asphalt mixtures with observations on field performance.

3.1 Mixing law application for binder and asphalt mix properties
As presented in deliverable D2.3, all binder properties measured during multiple
recycling study indicate a valid applicability of the logarithmic mixing law for
calculating the resulting binder properties. For TR&B and phase angle obtained during
DSR tests, also linear mixing law was found applicable. In this study, all binder
properties were measured on binders recovered from asphalt mixes. Also the "virgin"
binder properties were measured on extracted binder. Therefore, an asphalt mixture
was prepared in laboratory and the binder was recovered from the fresh mix. As
indicated in Table 3-1, the mixing law application results in high correlation
coefficients R² as well as in correlation slopes near the line of equality (a = 1) if for all
binder characteristics i the values are used which were measured on recovered
binders.
Table 3-1: Applicability of log mixing law on conventional and performance related properties
of polymer modified binders: slope and coefficient R² of the correlation between calculated and
measured binder properties (Mollenhauer et al. 2012).

binder property

logarithmic mixing law

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

with i: binder property
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

In D2.4 (De Visscher et al. 2012) it was evaluated if the mixing law is also applicable
to mechanical asphalt mix properties (compare Table 3-2). For most asphalt mix
properties obtained, the correlation coefficients are quite low. This is due to the fact
that the scatter of the test results was larger than the difference between the asphalt
mixes evaluated. Therefore, a conclusion regarding the validity of the mixture law can
not be drawn generally. Only for the results of the uniaxial tensile stress test
conducted at a temperature of T = 5 °C the test results varied significantly between
the asphalt mixes evaluated. For the tensile strength t as well as the failure strain F
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it could be shown that the logarithmic mixing law is applicable to asphalt mixtures as
well.
Table 3-2: Coefficients of correlation R² for comparison of measured and calculated mix
properties when logarithmic mixing law is applied (De Visscher et al. 2012)

Mix property

logarithmic mixing law
R² [%]

TSRST: TF
TSRST: F
UTST: t
UTST: F
CTST: |E*|CTST
CTST: µCTST

0,07
0,10
0,89
0,87
0,18
0,40

The small variations of asphalt performance test results obtained on the asphalt
mixes evaluated during the multiple recycling study indicate that the binder property
is only one item to be considered for evaluating the compatibility of a reclaimed
asphalt in a new asphalt mixture. In the study presented, the reclaimed asphalt was
obtained by laboratory aging simulation of loose mixtures and therefore the RA
maintained the same composition in terms of aggregate grading and binder content
as the new mixture. By this test design, differences between the asphalt mixes
obtained in the different recycling cycles are only found in the binder properties,
whereas the asphalt composition is very similar between the variants analysed.
When this is considered for test interpretation it is not surprising that the asphalt
properties don’t vary considerably, because the aggregate composition has an
important influence on the asphalt performance especially for the SMA mix analysed
in the study. Only the uniaxial tensile stress test allowed the evaluation of mixing law
validation because in this test the binder properties determine significantly the test
result, whereas the aggregate skeleton structure is of less importance.
In reality the RA composition will always vary from the composition of the new
asphalt mixture. Even in case that the RA is originating from the same asphalt
mixture as the one it is recycled in, due to milling and homogenisation in mixing plant
the grading, angularity and shape of the aggregates will vary considerably from the
new material. Therefore, the application of laboratory performance tests during mix
design in order to evaluate the resulting materials mechanical properties is strongly
recommended. Though during theoretical mix design in order to evaluate suitable
virgin binder properties, the application of the logarithmic mixing law is a feasible
mean in order to reach suitable asphalt mix properties for the resulting asphalt
mixture.

3.2 Validate laboratory performance test results to findings of case
study survey.
In task 2.2, the laboratory performance of surface asphalt mixtures containing
considerable amounts of reclaimed asphalt were evaluated by literature review as
well as laboratory testing of various SMA mixtures containing up to 50 % of reclaimed
asphalt.
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The laboratory tests resulted in similar performance properties for the relevant
asphalt characteristics:





compactibility according to EN 12697-31;
stiffness modulus, shown by 4-point-bending tests conducted according to
EN 12697-26 at a temperature of 20 °C;
resistance against permanent deformation, shown by cyclic triaxial stress
tests (CTST) according to EN 12697-25 at a temperature of 30 °C and a
haversine loading with 0,3 s impulse duration without rest periods,
resistance against low-temperature cracking identified by thermal stress
restrained specimen tests (TSRST) and uniaxial tensile stress tests (UTST)
according to EN 12697-46.

The test results obtained during the multiple-recycling study are depicted in Figure
3-1 for resistance against low-temperature cracking (top row), Stiffness modulus and
resistance against permanent deformation (mid row) and compactibility (bottom row).
For all test procedures applied, the test parameters obtained in each test conducted
on SMA 8 mixes containing 25 % or 50 % of reclaimed asphalt are in the range of the
values obtained for the two control mixes MR-0A0 and MR-0B0 mixed without
addition of RA with two different binders 25/55-55A. These results clearly indicate
that the laboratory performance of SMA 8 surface course mixes containing
considerable percentages of RA is similar to mixtures containing only virgin material
and which meet the requirements on SMA 8 mixes. Note, that for the mixes with RA
addition a polymer modified bitumen 45/80-50A was applied in order to compensate
the higher RA viscosity due to laboratory aging.
These results obtained in laboratory can be validated by the observations made
during task 2.3 monitoring.
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Figure 3-1. Results of laboratory performance tests on SMA 8 mixes containing up to 50 % RA
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4 Proposal of mix design methodology
Based on the results obtained in WP2 research as well as results obtained in WP1, a
mix design methodology is proposed for surface course asphalt mixtures containing
considerable amounts of reclaimed asphalt.

4.1 Mix design step 1: Characterization of the constituents
Correct characterization of the properties of the constituent materials is essential for
predicting the asphalt performance properties of the resulting mix. As the material
contained in the reclaimed asphalt will be reactivated during hot-mix recycling the
properties of its constituents (aggregate and binder) will have a considerable
influence on the final mixture properties.
4.1.1 RA composition
It is important to emphasize that the mix design methodology proposed depends on
the results of this step, which implies that the characterization has to be made with
samples from a homogeneous stockpile of RA, the same stockpile that will be used
for the production at the plant. If the homogeneity of the stockpile cannot be assured,
the heterogeneity of RA properties has to be considered by reducing the percentage
of RA in the mix (see also Ipavec et al. 2012).
The following characteristics are essential for the mix design:
Grading of the RA aggregates (after extraction of the binder)
The grading of the dry aggregates of the RA has an impact on the grading of the
resulting mix. When it is intended to use a high percentage of RA the requirements
on the composition as well as the mechanical performance of the final mixture can in
most cases only be met if the RA originates from an asphalt mix of similar
composition compared to the new mix.
Binder content of RA
The binder content of the RA has to be known exactly in order to determine the
amount of new binder needed. This methodology assumes that the old binder is
entirely reactivated, an assumption that was shown to be valid for straight and
modified binders in a normal aging stage. If the RA contains highly aged binder, it is
recommended to verify this assumption in the performance tests conducted during
mix design (step 4 of this mix design procedure).
As indicated by WP1, the extraction recovery method applied for determining binder
content and binder properties can have a significant influence on the test result
(compare Mouillet et al. 2012) even if it corresponds to EN 12697-1 and -3. Therefore
to avoid discrepancies between mix design and mix control tests, the same extraction
and recovery procedures should be applied for the characterization of the RA as for
the control of the final mix.
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Other constituents found in RA
Factory entrance control shall be made thoroughly in order to avoid hazardous
substances (e. g. tar) in the RA stockpiled on the plant site. Though, if other
constituents than usual asphalt mix compounds (aggregates, bitumen, fibres) are
found during extraction and recovery (e. g. rubber grains), these materials shall be
identified. If it can be ensured that they don't imply any danger to workers,
environment or mechanical parts of the mixing plant, the RA may be used for new
asphalt mixture. Again, in this case special attention shall be given to the
performance-testing of the resulting mixture.
4.1.2 Aggregate requirements
For the aggregates in the reclaimed asphalt the same requirements apply as to virgin
aggregates usually applied in the type of asphalt mixture. Relevant RA aggregate
properties which shall be checked before using the RA in new surface asphalt
mixtures are:






Type of aggregate
Physical aggregate properties
o Grading
o Shape index
o Flakiness index
o Crushed surfaces
Mechanical aggregate properties
o Resistance against crushing (LA Coefficient)
o Polished stone value
Environmental characteristics
o Water absorption
o Resistance to freezing and thawing
o Resistance to freezing and thawing (NaCl)

This is of special importance because the aggregates originating from RA will be
loaded exactly in the same way as the new aggregates added to the mix. To bear the
high traffic loads at the road surface the mechanical strength of the aggregates as
well as the aggregate shape must be of controlled quality. To guarantee a required
skid resistance of the road surface only aggregates with high resistance against
polishing shall be applied. Because the RA aggregates will be subjected to severe
frost-thaw cycles with application of thawing salt, this resistance shall be ensured as
well.
To avoid excessive aggregate testing required to ensure the aggregate quality an
option is to separate RA originating from surface courses from other RA coming from
other road layers. By an optimised RA management on the mixing site it can be
assured that only RA which was milled from a surface road will be used in new
asphalt surface mixtures. For RA originating from surface mixes it can be concluded
that the constituents fulfil the requirements for surface courses.
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4.1.3 Binder properties
The characteristics of the recovered binder are important for the selection of the new
binder. In some cases, the RA could be refused on the basis of the characteristics of
the recovered binder, depending on specifications existing in some countries (e.g.
when the PEN is lower than a minimum threshold).
When the old binder is not polymer modified, Pen and/or TR&B are suitable
characteristics for enabling a feasible mix design. Though, if the RA contains polymer
modified binder and/or the new surface asphalt mixture will be produced with virgin
polymer modified binder, other binder characteristics shall be determined. According
to the research conducted in WP1 as well as in task 2.1, suitable characteristics
describing the binder's properties are G* and  derived from DSR measurements
according to EN 14770.
In order to evaluate the presence of polymers in the RA binder, FTIR can be
conducted as well as force-ductility tests to determine the deformation energy
(parameters E0,2-0,4 or deformation energy ratio E0,2-0,4/E0,2).
4.1.4 RA homogeneity
The consideration of homogeneity of the RA is very important in order to enable to
guarantee the intended design composition in the asphalt mixture produced on
industrial scale on site. If the characteristics of the RA source vary considerably, the
variability of the characteristics and the mechanical properties of the resulting mix will
increase with increasing RA content (comp. Gabet & Wayman 2012). Therefore, to
be sure the final asphalt mixture will fulfil the requirements regarding the material
composition and mechanical performance, the RA content shall be determined as a
function of the variability of the RA properties (comp. Mollenhauer et al. 2011). This
demands for the evaluation of RA homogeneity by testing several RA samples from
one source (1) and the definition of allowed tolerances between the actual mix
properties when the asphalt is produced on industrial scale and the design mix
properties. The resulting RA content can be calculated by equation 1.
(Equation 1)

where

aRa

maximum possible / allowed Ra content in final mixture,

s

safety factor, considering other sources for differences between design
properties and resulting asphalt properties (e. g. heterogeneity of virgin
constituents, precision of test methods, mix segregation, etc.): s ≤ 1a,

tallowed,i allowed tolerance for asphalt property ib

a

German specification applies s = 0,33 for surface and binder asphalt mixtures and s = 0,5 for base course
asphalt mixtures.
b

for example, allowed tolerance for binder content B according to German specification for control tests on
asphalt mixtures is tallowed,B = ± 0,4 %.
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range of property i measured on RA samples taken from the Ra source
which will be used for producing the asphalt mixture.

For determining the RA homogeneity, each RA source shall be tested by several
samples which number can be determined according to EN 13108-8. The
composition of the source (e. g. stockpile with various RA sources of different kinds)
will have an influence on the expected heterogeneity and the number of samples
needed to evaluate the variability of the RA characteristics.

4.2 Mix design step 2: Selection of new materials
As the binder in the mix will be a mixture of old and new binder, the binder properties
shall be optimized by selecting an appropriate new binder, compatible with the old
binder. According to the research done in task 2.1 (comp. Mollenhauer et al. 2012),
the logarithmic mixing law according to equation 2 is feasible to calculate the
expected binder properties from the binder properties of the binder extracted from the
RA as well as the virgin binder added to the new mix. Whereas the linear mixing law
is applicable on TR&B, the logarithmic mixing law works well for all standard bitumen
characteristics (Pen, TR&B as well as for the performance related parameters G* and 
derived from DSR test and FMax and deformation energy Ei derived from forceductility tests. The logarithmic mixing law is also applicable for mixes containing SBSmodified binders (Mollenhauer et al. 2012).
(Equation 2)

with





B: binder characteristic (e. g. Pen, TR&B, G*, , FMax, ...)
Bm: binder characteristic of the mixed binder when extracted and
recovered from the resulting asphalt mixture
B0: binder characteristic of the new binder BRA: binder characteristic of
the binder extracted and recovered from the RA
bo and bRA: percentages of virgin and RA binder in the total binder
mixture (bo + bRA = 100 %).

In order to reduce test effort, the binder characteristics of the virgin binder directly
sampled after conducting RTFOT aging may be applied for the mixing law
application.
For new asphalt mixtures which shall contain PmB as a binder, the RA shall also
contain active PmB in order to reach the resulting mixture performance properties. If
an RA is applied which contains unmodified binder or PmB with reduced polymer
activity, special attention shall be taken for selecting a suitable virgin PmB for the
mixture. The mixture performance shall be tested by laboratory test (Design step 4).

4.3 Mix design step 3: Theoretical mix design
This step determines a theoretical mix design of the asphalt mixture composed from
virgin binder and aggregate as well as RA using only calculations. Therefore, an
optimisation tool is required which calculates the needed amounts of virgin
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aggregates according to the content of RA and the grading of RA aggregates and the
grading of the various aggregates used for mixing as well as the needed amount of
virgin binder according to RA binder content.
Commercial software solutions are available, e. g. BRRC’s software PradoWin:
Programs for Road Asphalt Design and Optimization. This software allows to
calculate and optimize the resulting grading, the volumetric composition of the mix
and the quantity of new binder to be added. Pen and TR&B softening point of the
resulting binder mix are predicted using mixture laws (logarithmic law for PEN and
linear law for TR&B softening point).
When designing a mixture with RA, the target volumetric composition shall be the
same as for a mix with only new materials. The idea is that the mix with RA has to
satisfy the same performance requirements as a mix without RA and performance
depends on the volumetric composition. This imposes a limit on the percentage of
RA that can be used. When the grading curve of the RA is close to the target grading
of the mixture, the percentage of RA can be very high. This is a strong argument for
more selective milling of surface courses and a separation into stockpiles according
to the type of mixture.
Note that the asphalt plant must be designed for addition of RA in high percentages.
For adding high amounts of RA in a batch plant, the plant must be equipped with an
extra parallel drum for heating the RA separately from the virgin aggregates. If RA is
added cold to the mixer or to the heated aggregates, the RA content is limited
according the mixing temperature and the RA water content (comp. Mollenhauer et
al. 2011).

4.4 Mix design step 4: Performance testing
In this step, the mix design is further optimized on the basis of performance test
results. The advantage of using laboratory mixtures instead of plant produced
mixtures is the smaller scale, which allows more flexibility to optimize the
composition. Performance tests are tests that produce results which are directly
related to the performance of the material in the field, such as:






resistance against deformation (EN 12697-25 or -22)
water sensitivity (EN 12697-12)
stiffness (EN 12697-26)
resistance against low temperature cracking (EN 12697-46)
fatigue resistance (EN 12697-24)

The required tests and the specifications that shall be satisfied by the test results
depend on the type of mixture, the road for which the mix is intended, local
regulations, …
Initial type testing consists of testing the final mix design in order to determine the
performance categories to which the mix belongs. This is usually done at this stage
with the laboratory mix. The feasibility of this approach was demonstrated by the lab
mixing study in task 2.2, where it was shown that the mixtures prepared in the
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participating laboratories had the same performance properties as the reference mix
prepared in the asphalt plant.
It is recommended to follow the laboratory mixing procedure, as described in
deliverable D2.2. This procedure follows EN12697-35, but is more specific on the
procedure of heating the RA and the mixing sequence. Though the exact mixing
times did not seem to have a strong impact, it is nonetheless recommended to mix
long enough to avoid effects like double coating, but not longer than the maximum
times given in EN12697-35 in order to limit aggregate grinding and excessive shortterm ageing.

4.5 Step 5: Determination of plant mix formula
As for a mix without RA, the mix formula at the plant shall be tuned to obtain a mix
with the same grading as the mix used for initial type testing.
For a mix with only virgin materials, this is sufficient to ensure the same performance
as demonstrated by initial type testing. For a mix with RA, especially with PmB, the
uncertainty is higher (especially because of the question of binder mixing, which may
be different in the plant than in the laboratory). In the lab mixing study done in task
2.2, there was no indication of any difference between the laboratory mixes and the
plant mix, but this was for the case of a batch plant and a moderate amount of RA
(15 %). It is not sure that the conclusions can be generalized to any type of asphalt
plant or to mixes with very high percentages of RA. Therefore, it is recommended to
do additional performance tests on the plant mix and to validate the results obtained
in step 4 on the laboratory mix. A test for permanent deformation is recommended,
since it is expected that an adverse effect like double coating may have a negative
impact on the resistance to permanent deformation.

5 Conclusions
During Re-Road work package 2 the requirements for laboratory evaluation
procedures and mix design specifications were elaborated to increase the RA
content of surface asphalt mixtures. Based on the results as discussed in the main
deliverables D2.3, D2.4 and D2.6 a mix design procedure is proposed which shall
enable the application of high RA contents in new asphalt surface mixtures with high
specification needs in terms of asphalt mix performance properties and homogeneity
requirements of the final mixture. The procedure proposed is based on asphalt
mixtures most often applied on surface courses throughout Europe where SBSmodified bitumen is applied as a binder.
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