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ABSTRACT: The combination of high rates of reclaimed asphalt pavement (RAP) and warm mix asphalt
(WMA) technologies is still ambiguous in terms of durability. With the aim of clarifying this issue, a study
comparing a hot mix asphalt with a WMA prepared using the foaming process technology. Both mixes contain
50% of RAP and are submitted to a laboratory ageing procedure. The long term related performance of the
mixtures is compared by means of complex modulus and fatigue testing. Penetration and ring and ball tests are
undertaken on the recovered bitumens, as well as the ageing evolution, characterised by the Fourier Transform
Infrared analysis. Finally, the Apparent Molecular Weight Distribution (AMWD) of the binders is calculated
from rheological measurements using the 3-method. Results show a relation between ageing evolution and
mechanical performance. After ageing, the overall tendencies are similar for both processes.
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RESUMEN: Evolucion del envejecimiento en mezclas espumadas semicalientes con aridos reciclados. El com-
portamiento de mezclas asfalticas semicalientes (WMA) con alto contenido de material reciclado (RAP) es
aun incierto a largo plazo. Por este motivo, en este estudio se compara el envejecimiento una mezcla caliente
convencional y una mezcla espumada semicaliente con 50% de RAP. Ambas mezclas han sido sometidas a un
proceso de envejecimiento en laboratorio. La respuesta a largo plazo se ha comparado a través de los ensayos
de modulo de rigidez y de fatiga. En los betunes recuperados se han llevado a cabo los ensayos de penetracion
y anillo-bola, asi como el seguimiento del envejecimiento a través del analisis de infrarrojos. Finalmente, la dis-
tribucién de peso molecular aparente (AMWD) de los betunes se ha calculado a través de medidas reologicas
usando el “6-method”. En los resultados se observa una relacidon entre la evolucion del envejecimiento y su
respuesta mecanica, donde la tendencia general es similar para ambas técnicas.
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1. INTRODUCTION disposals, present numerous advantages compared
with traditional hot mix asphalts (HMA). The use
The reduction of the manufacturing tempera- of warm mix asphalt (WMA) and reclaimed asphalt

ture of asphalt mixtures and the re-use of materials pavement (RAP) separately are not new concepts,
from old pavements, usually classified as solid waste however innovation related to their combined
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application and performance has increased their
use. Both techniques present their own benefits
and drawbacks (1,2), concerning durability issues,
rutting or low temperature resistance that could
be compromised during their service life. There are
many environmental advantages associated with
using these techniques including reduction in fuel
consumption and greenhouse gas emissions, reduced
extraction of natural aggregates and disposal of old
asphalt (2-5).

The same processes that reduce energy consump-
tion and improve workability in WMA technologies
also allow them to act as compaction agents (6,7).
These improvements on compaction and densities
achieved in situ tend to reduce permeability and
bitumen ageing, which generally results in better
performance of the blends in terms of crack resis-
tance and moisture sensitivity (7).

From a study of all warm mix technologies, three
main groups can be distinguished, namely: the foam-
ing process, the use of organic additives and the use
of chemical additives (7-10). The foaming effect
which can be direct or indirect is created due to the
contact of the water with the hot bitumen, increas-
ing its volume and decreasing its viscosity. Organic
additives are based on the addition of different types
of waxes while chemical additives generally include
a combination of emulsifying agents, surfactants
and additives to improve workability and compac-
tion of the mixture.

In a road, pavement removal and disposal is
required at the end of its service life. RAP is the pri-
mary recycled material produced as a consequence
of this process (2). Asphalt mixture crushing is car-
ried out by milling machines that turn the existing
mixture into different size particles to produce RAP.
European Asphalt Paving Association (EAPA)
data from 2014 shows that 50.2 million tonnes of
RAP was produced in Europe (data from 25 coun-
tries) with 68.7 million tonnes produced in USA,
thus encouraging its use as an alternative to virgin
aggregates.

In addition, RAP fulfils the requirements for a
sustainable pavement solution by presenting mate-
rial cost savings while reducing the environmental
impact of the asphalt manufacturing stage by 23%
(11,13). RAP is considered a stiff material due to the
aged bitumen, which can promote unexpected fail-
ures depending on its the percentage content in the
new mixture (12). Several authors have investigated
the different stages of ageing of the asphalt binder
during the mix manufacture and the pavement ser-
vice life (14-17). Two phases can be distinguished:
short term and long term ageing. Short term ageing
takes places during manufacturing and construc-
tion of the road, and leads to an increase in bitu-
men viscosity. Meanwhile, long term ageing depends
on the time of service and is related to progressive
ageing by various mechanisms. Both types of ageing

are associated with oxidation, evaporation of lighter
components, thixotropy and syneresis, polymeriza-
tion through chemical reaction of molecular com-
ponents and components separation through the
absorption of oily constituents by some type of
aggregates (15,17).

The current knowledge on ageing is essentially
gained from practical experience on traditional
asphalt mixes and typically on HMA. However, the
road industry has embraced recycling and developed
new techniques, particularly with WMA in order to
limit its environmental impacts.

Consequently, and within this framework, the
objective of the present work is to study and com-
pare the foamed asphalt technique for WMA pro-
duction when 50% of RAP is added to the mixture.
This study is focused on comparison of the mechan-
ical related performance of the mixtures and its
bitumen evolution. Therefore, an ageing protocol is
followed within the lines proposed by the RILEM
TC-ATB TGS, consisting of two separate ageing
phases. Following this, the ageing effect is evaluated
through an analysis of the Apparent Molecular
Weight Distribution (AMWD) of the bitumens.
This comparison is achieved by the application of
the 6-method, a new method recently developed
at IFSTTAR (18), which allows the calculation of
AMWD from rheological measurements on the
extracted bitumens. Additionally, the potential
of the d-method as a tool for recycling studies is
assessed.

2. MATERIALS AND METHODS
2.1. Materials
2.1.1. Bitumen

The neat bitumen chosen for the manufacture of
the reference HM A and the foamed WMA (FWMA)
mixture was a conventional bitumen 35/50 with 37
1/10 mm penetration (EN 1426) and 53.8°C soft-
ening point (EN 1427). For the foam process, the
foaming effect was produced by injecting 1.5% of
water under pressure into the hot bitumen pipe dur-
ing its introduction into the mixer.

2.1.2. Reclaimed Asphalt Pavement

The reclaimed asphalt pavement used for the
modification of the mixtures came from the mill-
ing operation of an overaged asphalt concrete AC10
located on the fatigue carousel track at IFSTTAR
Nantes, France (21). The original bitumen in
the RAP was of the same type (35/50). The RAP
was characterized to guarantee good homogene-
ity. In order to achieve a continuous gradation for
the correct design of the new mixtures, the mate-
rial was split by sieving in four granular fractions
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(0/2, 2/4, 4/8 and 8/12 mm) (22). The penetration
grade and softening point measured on the bitumen
extracted from the RAP were 18 1/10 mm and 63°C
respectively.

2.1.3. Virgin aggregates

Gneiss rock, the original aggregate of the RAP,
was the virgin aggregate used for both coarse and
fine fractions (0/2, 2/6 and 6/10 mm) in order to
retain continuity between the grading curves.

2.2. Mixture

This study was carried out with the aim of repro-
ducing the initial AC10 design. Figure 1 summarizes
the grading curves and design of the mixtures. For
all the mixtures a constant bitumen content of 5.39%
(22) was selected. A MLPC BBMAX 80 was used as
mixer. The working sequence lasted for 75 seconds,
with 15 seconds for the aggregates and fines mix-
ing (and RAP when used) plus 60 seconds after the

addition of the bitumen. RAP was preheated for 2h
at 110°C before manufacture, whereas virgin aggre-
gates were heated at different temperatures depend-
ing on the type of mixture as shown in Table 1.

2.3. Ageing procedure

The purpose of this ageing step was to character-
ise, in laboratory conditions, the ageing experienced
by the mixtures during road construction and their
service life. This procedure was applied to 4 of the 8
mixtures manufactured. The ageing protocol carried
out was based on the one proposed by the RILEM
Technical Committee ATB TGS (23) which forms
the basis of norm (PR EN 12697-52: Conditioning
to address oxidative ageing). It consisted of two
phases of oxidative thermal ageing on asphalt mix-
tures, a short term phase simulating the manufactur-
ing and construction phase of the road and a long
term ageing that reproduces the end of life of the
pavement. The short term ageing was performed
after manufacture of the loose mix, and involved

100 =
90
80
70 0% RAP 50% RAP
3 6/10 44.0 20.0
T 60 g 2/6 225 16.0
° s 0/2 33.0 14.0
% 50 2 Filler 0.5 )
g 8/12 - 25.0
g 40 % 4/8 10.0
$ 30 T ou 8.0
o 0/2 - 7.0
20 Total 100.0 100.0
10
0
1E-02 1E-01 1E+00 1E+01 1E+02
- 0% RAP  =-50% RAP Sieve size (mm)
FIGURE 1. Mixtures gradations with and without RAP.
TABLE 1. Mixtures studied and manufacturing temperature
Bitumen Aggregates RAP Manufacture Ageing
Mixture Denomination %RAP O O °C) Procedure
Hot Mix Asphalt HMAO -
0 160 - 160
HMAOa v
HMAS50 -
50 210 110 160
HMAS50a v
Foamed Warm FWMAO 0 130 130 -
Mix Asphalt FWMAOa - v
FWMAS50 -
50 150 110 130
FWMAS50a v

Bitumen always at 160°C
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heating the mix at 135°C for 4h prior to compac-
tion. Following this, the long term ageing process
required holding the mixtures for 9 days at 85°C in
a ventilated oven. This step was performed on com-
pacted samples. Figure 2 illustrates the manufactur-
ing procedure followed and the testing carried out.

2.4 Testing

2.4.1 Tests on mixtures
In total 8 mixtures were tested.
Complex modulus

To study the rheological and stiffness evolution
of the mixtures, the complex modulus was measured
according to EN 12697-26, Annex A (two point
bending on trapezoidal specimens) between 1 Hz
and 40 Hz, and from -10°C to 40°C. In all cases,
four samples were tested for each mixture.

Fatigue resistance

The resistance to fatigue was determined accord-
ing to EN 12697-24, Annex A (two point bending on
trapezoidal specimens) at 25 Hz and 10°C in strain
controlled mode. By convention, the fatigue life of
a specimen is equal to the number of loading cycles
needed to decrease the specimen’s stiffness modulus
by 50%. Three different strain amplitude levels were
selected and generally 6 specimens were tested for
each level. The fatigue law curves were fitted on the
experimental points by linear regression in a log-log

diagram of number of cycles by strain level. In order
to compare the value of g; under the same air voids
content (C), the formula Agg (udef) = 3.3-AC(%) (26)
was used to correct the results. This formula allows
the value of ggat 4.5% of voids to be evaluated.

2.4.2 Tests on bitumens

After the 8 mixtures were manufactured and the
ageing protocols applied, bitumens were extracted
and recovered using the rotary evaporator for bitu-
men recovery following the EN 12697-3 standard.
The aged bitumen from the RAP (35/50 RAP)
was also recovered under the same procedure.
Additionally, with the 35/50 Neat and the 35/50
Foam, a total of 11 bitumen samples were tested.

Standard consistency tests

The standard consistency of the bitumens was
characterized by the penetration depth (1/10 mm)
(EN 1426) and the temperature of the softening
point (°C) (EN 1427).

Fourier Transform Infrared (FTIR) analysis

The Fourier Transform Infrared (FTIR) analy-
sis was performed with the purpose of monitoring
the ageing of the binders. The FTIR test consists
of exciting the material with infrared light and
then quantifying the different types of molecular
bonds through characteristic absorption bands in
the transmitted infrared light spectrum. Carbonyl
groups (esters, ketones etc.) characterised by C=0

[ MIXTURE MANUFACTURE ]
™ EXTRACTION OF BITUMENS
HMA ’ ‘ 0% RAP [ No ageing process ] from the mixtures
EDJ EDJ 8 BITUMENS
Ageing process ':D:'
FWMA 50% RAP
ﬂ 35/50 Neat
Short term ageing (STA) >- 85/50 Foamed
35/50 RAP
[ 4h 135°C }
Long term ageing (LTA) TESTING MODELLING
[ 9 days 85°C ] Penetration Huet-Such
) Softening point APPARENT
N ) MOLECULAR
Y FTIR WEIGHT
DSR DISTRIBUTION
TESTING g-method

8 MIXTURES

complex modulus

Two point bending fatigue

FIGURE 2. Manufacturing process for mixtures testing and bitumen extraction.
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double bonds are among the major functional
groups formed during oxidative ageing (28) and
it was demonstrated that their formation changes
the physical properties of the binder in a predict-
able way (29). The carbonyl index, ICo, was calcu-
lated from the raw FTIR spectra according to the
RILEM method (30). The limits on the spectra
for carbonyl compounds were between 1.660 and
1.753 cm™, while the reference area was between
1.350 and 1.525 cm™.

Complex shear modulus test

The determination of the complex shear modulus
and phase angle was performed using the dynamic
shear rheometer Kinexus® to assess the rheological
properties of the bitumens. The complex shear mod-
ulus (G*) was obtained by combining the measure-
ments performed on annular shearing geometries of
parallel plates of 25 mm and 8 mm from 20°C to
60°C and -20°C to 20°C respectively, and at a fre-
quency range from 1 to 25 Hz. The conversion from
G* to E* was made assuming a Poisson’s ratio of 0.5
for almost incompressible behaviour (31).

2.4 Modelling

A rheological model was fitted on the experi-
mental points in order to get a comprehensive over-
view of the trends for the complex shear modulus
and to overcome the processing problems induced
by the large amount of data (for each bitumen sam-
ple there are approximately 70 values for the norm
|[E*| and the phase angle 3). This is carried out to
concentrate the information of the frequency and
temperature sweeps in a limited number of model
parameters describing the properties of the binder
in the complete time-temperature domain.

Several studies carried out in different countries
demonstrated that the Huet-Such model was one of
the best suited rheological models for bitumen. This
model is a combination of one spring, two parabolic
creep elements and one dashpot all placed in series
with a coefficient that regulates the balance between

h=2B/n

ot

the two parabolic elements (Figure 3). The 6 model
parameters were determined by fitting the experimen-
tal complex modulus data |[E*| and 6 measured at dif-
ferent frequencies and temperatures. The T parameter
was determined for a reference temperature T,;=0°C.

2.5 Molecular weight distribution (6-method)

It has been generally assumed that Molecular
Weight Distribution (MWD) of bitumen and its
rheological properties are related (32-36). Themeli’s
work in 2015 considered that the phase angle (8) of
the complex modulus for a given frequency is pro-
portional to the fraction of relaxed molecules at this
frequency. It considered the material as a combi-
nation of monodispersed molecular weight (MW)
species, so therefore, a relationship between the
oscillation frequency and the molecular weight of
the material could be established (18). From vapour
pressure osmometry measurements, Zanzotto estab-
lished a relationship between the crossover fre-
quencies (w(co), i.e. storage modulus equal to loss
modulus) at a temperature T=0°C and the MW
(36), defined by the formula [1]:

log (MW)=2.880-0.06768-log(e) 1]

When this equation is applied to the frequency
axis of the phase angle master curve, it can be
plotted as a function of the MW. Considering the
hypothesis that the cumulative molecular weight
distribution, cumf, is proportional to the phase
angle master curve, the formula that relates both can
be obtained [2]:

cumf(MW)=A+B-5(MW) 2]

where fis a differential distribution, 4 and B are the
proportionality constants which are calculated from
the boundary conditions:

for MW—0
for MW—w

S(MW)=0°
S(MW)=90°

cumf(MW)=0
cumf(MW)=1

As a result of the calculus, A=0 and B=1/(90°).

G* (o) = °.
oy = 1 + 8 (lot) ™*+(iot) "+(1wpt)™

L%ﬂ

FIGURE 3. Huet-Such model, equation and Cole-Cole representation.
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If this last formula /2] is differentiated, the dif-
ferential molecular weight distribution (DMWD)
can be calculated (18). The differentiation can be
obtained numerically according to the equation [3]:

deumf (MW)
dlogMW

cumf (MW)
logMW

n

f(MwW)= [3]

This differentiation requires a continuous curve,
so the data from DSR measurements must be fit-
ted with a continuous model. The Huet-Such model
parameters fitted as described in §2.4 are used for
this purpose.

The numerical differentiation was carried out
applying a numerical differential step of 1/3,000 to
the log (MW ) in order to achieve the convergence.
The MWD is termed “apparent” because the pro-
portionality to the phase angle, proved for polymers,
is assumed for bitumen in this study. This assump-
tion is still to be confirmed. The word “apparent” is
also used because the 6-method appears to capture

the effect of groups of molecules (like clusters of
asphaltenes) and not only individual molecules.

3 ANALYSIS OF RESULTS
3.1 Mixture testing

The results obtained for the dynamic complex
modulus and the fatigue resistance are presented in
Table 2 with the norm of the complex modulus at
15°C and 10 Hz. Additionally the values of & (strain
level at 1,000,000 cycles) obtained and corrected
to the target air voids of 4.5% are also indicated.
Figure 4 illustrates the differences with ageing, the
use of RAP and the technique employed.

3.1.1. Complex modulus

The trends obtained for the complex modulus
in all mixtures seem realistic, being in all cases the
material stiffer after applying the ageing protocol or
when RAP was added (37). Considering now only
the mixtures before ageing and without RAP, the

TABLE 2. Dynamic complex modulus and fatigue resistance results

|E*| 15°C, Phase € Corrected & Slope
Mixtures 10Hz (MPa) Angle (°) (ndef) (ndef) (-1/b)
HMAO 12,497 15.0 118 115 5.99
HMAOa 14,156 10.8 123 123 8.35
HMAS50 14,590 12.2 132 127 7.08
HMAS50a 15,847 11.3 128 122 6.99
FWMAO 10,921 16.1 92 91 2.79
FWMAOa 14,448 12.2 113 111 9.00
FWMAS50 13,122 14.0 108 105 5.06
FWMAS50a 15,460 11.5 120 113 7.08
140 18,000
120 15,000
100 ~ 12,000
< ©
© a
g 80 - — © 9,000 =
o’ w
60 - ~ 6,000
40 ~ 3,000
20 =1 T T T T~ 0
O @ o @ o i & o
R S 3 & ¥ s & S e
TN N &N & g
(e

FiGure 4. Differences between mixtures with respect to ageing, RAP or technique.
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results show that the FWMAO mixture has a stiff-
ness modulus 13% lower than the HMAO, but still
over the 7,000 MPa requested by the standards (EN
13108-1). In the case of the mixtures with RAP,
FWMAS0 has a modulus only 10% lower than
HMASO0.

3.1.2 Fatigue resistance

Figure 5 and Figure 6 show the fatigue laws of
the mixtures, separated by procedure of manufac-
ture, HMA and FWMA, and compared in pairs
by ageing state and RAP content. The increment
shown by the g; parameter when RAP is added or
after ageing seems to be linked to an increment on
the slope (-1/b) of the fatigue law.

Figure 5 illustrates the similarities on fatigue per-
formance for all the HMA mixtures. The increment
of the slope observed with RAP addition or ageing
is more pronounced on the foaming process. This
could be due to the compensation of a lesser ageing
during the manufacturing process (as the foam mix-
ture was manufactured at 130°C) by a stronger effect
of the ageing process. In general, when ageing takes
place the fatigue slope increases, and consequently
the fatigue resistance of the material tends to be more
sensitive to the strain level. Moreover, the influence
of RAP addition can be observed in the last column
of graphs in Figure 5. Similarly to ageing, when RAP
is added the fatigue slope increases.

From Figure 6, the results obtained for the mix-
tures HMA and FWMA without RAP show that

1.E+09 1.E+09 1.E+09
Nf . NE
1.E+08 1.E+08 1.E+08
1.E+07 1.E+07 \\‘ 1.E+07
1.E+06 1.E+06 \‘ 1.E+06
1.E+05 1.E+05 \\ 1.E+05
1.E404 1.E+04 \\ 1.E+04 .
. ) Strain (p def)
Strain (u def) Strain (b def) A\ 1.E+03 .
1.E+03 1.E+03 \ .
10 100 1000 10 100 1000 10 100 1000
= HMAOQ ——— HMAOa = = HMA50 = === HMA50a =———HMAO0 = = HMA50
1.E+09 1.E+09 1.E+09
N \ Nf Nf
1.E+08 N \ 1.E+08 % \ 1.E+08 3
1.E+07 NN 1.E+07 \\\ 1.E+07 N
~N \ ~
1.E+06 \ 1.E406 - \ 1.E406 \
1.E+05 \\ 1.E+05 1.E+05 %
1.E+04 N \ A
E+ AN 1.E+04 - \ 1.E+04
Strain (p def) \ Strain (p def) ‘¥ Strain (p def) \
1.E+03 . 1.E+03 - s 1.E+03
10 100 1000 100 1000 10 100 1000
— =FWMAO — =FWMAOa = oFWMA50 = = = FWMA50a — =FWMAO = ©FWMAS50
FIGURE 5. Fatigue laws of all mixtures by ageing state and RAP content.
1.E+09 1.E+09
Nf Nf
1.E+08 1.E+08 \
N
1.E+07 N 1.E+07 - S
\
1.E406 - 1.E+06 - AN
\
1.E+05 1.E+05 -
1.E+04 - > 1.E+04 - \
Strain (p def) Strain (u def) \\
1.E+03 - ; 1.E+03 - - 1
10 100 1000 10 100 1000
HMAO = = FWMAO - = HMA50 = o FWMA50
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not only the value of g; should be considered when
comparing the performance, but also the increment
of slope is important as the fatigue life is dependent
on the strain level.

3.2 Bitumen testing

Table 3 summarizes the penetration, softening
point and carbonyl index results.

3.2.1 Penetration

Figure 7 shows the penetration values obtained by
manufacture procedure and ageing effect. The usual
high temperature manufacturing process induces a
drastic decrease of the binder penetration value, by
40% for HMAO (37 to 22 1/10 mm), compared to the
foaming process, only 14% for FWMAO (37 to 32
1/10 mm). After ageing, the penetration values tend
to reach similar values for the 2 techniques (15 1/10
mm for HMAOa and 18 1/10 mm for FWMAOa).
The bitumen penetration decreases mainly during
the manufacturing process for the HMA whereas
ageing leads the changes on the FWMA mixture.

When RAP is added the initial binder penetra-
tion calculated with the blending law according to
EN 13108-1 Annex A is 26 1/10 mm. After manu-
facturing, the penetration decreases by 27% for the
HMAS0 and 8% for the FWMASO0. The penetra-
tion values also tend to reach similar values for the
2 manufacturing processes after ageing (15 1/10
mm for HMAS0a and 17 1/10mm for FWMAS50a).
Mixtures with RAP show the same trends than mix-
tures without RAP but the amplitudes of variation
are reduced. These observations clearly show that
the high temperature manufacturing process induces
a more pronounced hardening of the binder than
the low temperature foaming process. They also
show that penetration sensitivity to ageing seems
to be roughly proportional to the penetration value
suggesting an exponential decay law.

3.2.2 Softening point

The increase of the softening point during manu-
facturing is limited and similar for the 2 processes:
1.2°C for the HMAO and 1.8°C for the FWMAO
bitumen. On the other hand, the increase is impor-
tant after ageing: 10.8°C for the HMAOa and 8.2°C
for the FWMAOa bitumen, as can be observed in
Figure 8.

When RAP is added the bitumen softening point
calculated with the blending law, according to EN
13108-1 Annex A is 58°C. After the manufactur-
ing process, the softening point increases by 4.1°C
for the HMAS0 and 2.4°C for the FWMAS0. As
observed for the mixtures without RAP, the soft-
ening point evolution is very limited for the two
techniques. In both cases the increase after ageing
is lower than for mixtures without RAP: 3.2°C for
HMAS50a and 5.6°C for FWMAJS50a.

Independently of the manufacture technique
employed or the RAP content, the softening point
tends to reach an asymptotic value between 64°C
and 66°C after ageing. Contrary to what was
observed for penetration, the effect of the manufac-
turing process is not evident on the softening point.

TABLE 3. Penetration, softening point and FTIR results
Penetration  Softening Point
Bitumen 1/10 mm O I1Co
35/50 Neat 37 53.8 0.00
35/50 RAP 18 63.0 8.60
HMAO0 22 55.0 1.80
HMAOa 15 65.8 4.96
HMAS50 19 62.8 4.08
HMAS50a 15 66.0 8.27
35/50 Foam 34 53.6 0.00
FWMAO 32 55.6 0.48
FWMAOa 18 63.8 5.40
FWMAS50 24 60.4 5.47
FWMAS50a 17 66.0 10.35
40
35
__ 30
€
g 25
= 20
£ s
10 +
PR
0.

- 5 - o
35/50 Neat After manufacturing After ageing
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FIGURE 7.

Pen (1/10 mm)
n
o

aHMA50

aFWMAS50

Penetration results by manufacture procedure and ageing effect.
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For all the mixtures, the main evolution of the soft-
ening point occurs during the ageing process.

3.2.3 Carbonyl index

Compared to the conventional procedure, the
foaming process generates less carbonyl bonds for
the mixtures without RAP, as Figure 9 illustrates.
But in all other cases (after ageing, with RAP addi-
tion and after combining RAP and ageing), it gen-
erates more of these bonds. This could mean that
the water injected in the bitumen for producing the
foam may affect the oxidation process in a different
way (26). In general the carbonyl bonds are mostly
created during the ageing process. For mixtures with
RAP, a weighted average is applied as mixing law to
estimate the ICo of the 35/50 Neat and RAP binder
blend before manufacture. For the next steps, this
initial value acts like an offset, suggesting that the
carbonyl bonds created in the neat binder during the
manufacture and the ageing process gradually add
up to an almost constant proportion of bonds ini-
tially existing in the RAP binder.

3.3 Modelling
The raw data obtained from testing the 35/50

Neat bitumen is represented in Figure 10 as an exam-
ple of all the bitumen tested. It shows the values of
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C
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35/50 Neat  After manufacturing After ageing
aHMA aFWMA
FIGURE 8.
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6.0 e ]
&
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BHMA aFWMA
FIGURE 9.

ICo (%)

Softening point (°C)

the norm of the complex modulus |E*| (Pa) and
phase angle 8(°) as a function of the frequency (Hz).
Furthermore, the translation coefficients according
to the temperature (ar) calculated by the William-
Landel-Ferry adjustment (39) are presented along
with the experimental points and the Huet-Such
modelling in the Cole-Cole space.

For the different binders, |[E*| and phase angle
master curves at 0°C are presented in Figure 11. It
illustrates the evolution of the bitumen with ageing,
showing that |E*| values increase and the frequency
range for a transition of the angle from 0° to 90° is
extended.

Experimental data has been fitted by the Huet-
Such rheological model and the 6 parameters (E.,
o, k, h, B and 1) obtained are shown in Table 4.
Regardless the type of bitumen and the manufactur-
ing technique employed the value of glassy modu-
lus (E.,) remains almost constant around 1.9 GPa.
Also, the first parabolic element (k), proportional
to the slope of the model in the Cole-Cole plan at
low temperature and/or high frequency, remains
stable at the average value of 0.24. The value of the
h parameter (proportional to the slope of the model
in the Cole-Cole plan at high temperature and/or
low frequency) decreases when the ageing protocol
is applied. On the other hand the value of  (viscos-
ity at very high temperatures or very low frequen-
cies) in general increases either when ageing occurs
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Softening point results by manufacture procedure and ageing effect.
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Index carbonyl results by manufacture procedure and ageing effect.
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or RAP is added, as it happens with the frequency
multiplier 7 (s).

3.4 Apparent molecular weight distribution
(6-method)

The AMWD in the range between 100 and 10,000
g/mol are presented in Figure 12, 13 and 14 with
the ordinate axis corresponding to the probability
density f(AMW). The cross-over frequency point
®(co) (i.e. storage modulus equal to loss modulus)
is also plotted in the graphs. Ageing is presented as
an increase of the concentration of high molecular
weight molecules, creation of new peaks, and a shift
of the distributions and the cross-over frequency
points towards higher AMWs. These results are in
accordance with the literature, where it is described
that with ageing part of the oily fraction (mainly
resins) seems to be absorbed by the asphaltenes and
dispersed in the light matrix (34,40) reorganizing its
situation together into a colloidal system of mol-
ecules and producing some clustering as well.

In Figure 12, the AMWD of the base bitumens
and the extracted binder from the first step of both

procedures are compared. In the first case the results
show a similar AMWD for the 35/50 Foam bitumen
and the 35/50 Neat bitumen in comparison to the
aged 35/50 RAP that has two differentiated popu-
lations with 1,000 g/mol as a middle point. On the
second graph, the AMWD of the FWMAUO bitumen
presents lower ageing induced by the manufacturing
process compared to the HMAO bitumen and in line
with the other results obtained. The AMWD drawn
by the HMAO bitumen tends toward the 35/50 RAP
distribution.

Furthermore, in Figure 13 the AMWDs of the
bitumens extracted from all the manufactured
mixtures are presented by ageing state and RAP
content. In all cases it can be observed that there
is an increase of the concentration of high molecu-
lar weight molecules and the displacement of the
right side of the distribution. Finally, in Figure 14,
as described for the fatigue behaviour, AMWD of
the bitumens before and after manufacture are pre-
sented. This step represents the changes induced
during the manufacturing procedure. In the case of
the HMAO bitumen it not only shows a decrease of
the fraction around 800-900 g/mol (mainly saturates

TABLE 4. Huet-Such rheological model parameters

Bitumen/
Parameter Ec (MPa) o k h B T(s)
35/50 Neat 1,885 4.12 0.26 0.66 38.09 1.54 E-01
35/50 RAP 2,122 3.76 0.23 0.59 367.97 1.77 E-01
HMAO 2,074 4.69 0.26 0.64 164.02 4.57 E-01
HMAOa 1,952 4.39 0.24 0.59 626.02 4.00 E-01
HMAS0 1,978 5.52 0.25 0.65 214.01 1.24 E+00
HMAS50a 1,939 5.35 0.24 0.62 171.17 9.43 E-01
35/50 Foam 1,708 3.65 0.24 0.63 45.80 1.07 E-01
FWMAO( 1,681 4.82 0.27 0.64 67.86 1.96 E-01
FWMAOa 1,832 5.33 0.24 0.60 191.94 5.08 E-01
FWMAS0 1,972 4.50 0.26 0.64 129.65 2.07 E-01
FWMA50a 1,802 6.82 0.27 0.63 158.47 8.15 E-01
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FIGURE 12. AMWD of base bitumens, HMAO and FWMAUO extracted bitumens.
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and resins) (34) that may be evolving, but also
the appearance of the second peak as part of the
absorption of resins by the asphaltenes fraction and
the possible clustering that is induced. On the other
hand, the difference on manufacturing temperatures
shows a lighter evolution of the AMWD in the case
of the FWMA bitumens.

4. CONCLUSIONS

In this paper, a comparison between the foaming
technique for WMA production and a conventional
HMA is carried out. Both mixes include the addi-
tion of 50% RAP. Ageing of the asphalt is simulated
using a laboratory adapted ageing protocol. This
work is focused on the comparison of the mechani-
cal performance of the mixtures and their bitumens,
evaluated through the impact on the AMWD of the
bitumens, calculated from rheological measurements
through the 8-method. The results obtained during
the investigation led to the following conclusions:

1. Regarding bitumen performance, the foaming
process ages the bitumen to a lower degree dur-
ing manufacture compare to the conventional
procedure. When long term ageing is applied,
the levels become comparable in both cases.
Similarly, the hardening experienced when RAP
is added is less pronounced due to the already
aged bitumen present in the RAP.

ii. Concerning the fatigue related performance, the
addition of RAP increases in general the perfor-
mance of the mixture, both for conventional and
foamed warm mixtures. However, when RAP is
added or ageing takes place, the fatigue slope
increases and consequently, the fatigue resis-
tance of the material tends to be more sensitive
to the strain level.

iii. The lack of stiffness found for the FWMA pro-
cess may be related to the reduced ageing of
bitumen during the manufacturing process. In
this case, more research is required to clarify
these tendencies, and different amounts of RAP
should be considered.

iv. The application of the é-method reveals con-
trasting ageing effects on the AMWD for the
different processes, as well as the influence of
RAP addition. The general pattern observed on
the AMWDs is a decrease of the lower molecu-
lar weight fractions and an increase of the high
molecular weight fractions due to ageing for
the samples with or without RAP. Compared
to the FWMA technique, the HMA produc-
tion process induces a significant displacement
of the distribution towards higher AMW. After
ageing or RAP addition the distributions tend
to be similarly shifted for the two processes.

v. Combined with standard bitumen testing, the
d—method appears to be a powerful tool for

the quantification of structural evolutions of
bitumens, providing a clear visualization of the
structural modifications induced. These results
are likely to confirm that a structural interpreta-
tion of RAP addition and ageing evolution is
possible with the 6-method.
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