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Abstract
The oxidative ageing of hot mix asphalt (HMA) and foamed warm mix asphalt (WMA),

performed through laboratory accelerated ageing processes is investigated in this study. 50/70
pen-grade bitumen is used to produce the mixes. Four ageing durations (0, 3, 6 and 9 days) are
considered to investigate the kinetics of long-term ageing based on a RILEM ageing procedure.
The binders of the aged mixes are extracted and characterized. Moreover, RTFOT and PAV
tests are carried out on fresh bitumen to simulate the long-term ageing of HMA and WMA.
Rheological tests are performed at different temperatures and frequencies to determine the
stiffness moduli of binders and mixes that are subsequently curve-fitted with the modified
2S2P1D model. The results show that the stiffness moduli of binders and mixes increase
with the long-term ageing duration. This increase is more pronounced for WMA and their
binders than HMA. Moreover, the increase of the stiffness modulus is shown to be related to
parameters such as asphaltene content, carbonyl and sulfoxide indices. Finally, a multi-scale
model which combines the Mori-Tanaka scheme at mastic and mortar scales and the self-
consistent scheme at the mixture scale with possible grain-grain contact between the coarse
aggregates, is implemented. It is able to account the evolution of the master curves of the
stiffness moduli |E∗| and the phase angles δ of the mixes based on bitumens’ and aggregates’
properties. The reliability of this multi-scale model is assessed through a comparison with
experimental data, over a wide range of frequencies and temperatures.

keywords: bituminous mixture, ageing, stiffness modulus, multiscale modeling

1 Introduction
Bituminous mixes are viscoelastic complex composite materials build up from a mixture of
aggregates, bitumen, fillers and additives. As such, their end performances entirely depend on
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their component percentage and properties, their interaction with each other and the evolution
of their properties other time. Many parameters have a significant influence, such as aggregate
size and grading, filler size distribution, bitumen properties and the interaction between bitumen
and aggregates. Understanding the influence of all these parameters is a challenging task and
requires a multi-scale modeling to assess the effect of each component [1, 2, 3]. Moreover, the
ageing induced by the manufacturing and the field climatic conditions modifies the chemical
composition of the binder that makes the mixes’ performances to evolve. Indeed, the ageing
of mixes occurs in two main stages: the short-term ageing is caused by the manufacturing
in the mix plant, the transport and the paving where the ageing process is mainly linked to
the departure of the volatile compounds of bitumen, while the long-term ageing which occurs
during the pavement service life is influenced by climatic conditions and road traffic. The latter
is related to the steric hardening, oxidation and UV rays that affect only the 12 mm upper
layer of the roads [4].
In order to simulate the ageing that takes place over several years, many accelerated ageing
methods are developed in laboratory. Among those methods, one can distinguish on the one
hand, the ageing processes on bitumen such as the Rolling Thin Film Oven (RTFO)[5] followed
by the Pressure Ageing Vessel (PAV) [6] which is claimed to reproduce 7 to 10 years natural
ageing of an bituminous pavement [7]) and on the other hand those carried out on loose or
compacted mixes. The Table 1 summarizes the common ageing protocols of loose mixes. But
to our knowledge there is no equivalence between these latter and the RTFOT+PAV ageing
methods that can be performed on bitumens while both ambition to predict the in situ ageing.
The prediction of field ageing based on laboratory protocols is still questionable and imprecise.
Most of the accelerated ageing methods developed in laboratory simulate between 5 and 10
years ageing on the in-situ pavements [4, 8, 9, 10]. In general, the predictions are more or
less based on the analysis of one of the following indicators: carbonyl or sulfoxide indexes [4],
rheological properties, mechanical performance but never all indicators together.
The protocols to simulate the long-term ageing of warm mixes are still under investigations.
Only Raab et al. [11] developed a laboratory ageing protocol for warm mixes using compacted
specimen.

In this context, the present work deals with the ageing kinetics of HMA and WMA inves-
tigated through the RILEM ageing protocol. The paper focuses on the impact of several long
term ageing duration on the rheological and chemical properties of bitumens extracted from
mixes aged in accordance to the RILEM ageing protocol on loose mixes [10], i.e. loose mixture
aged during 4 hours of at 135C follow by 9 days ageing of the mixture at 85C (as reported in
the european Technical Specification CEN TS 12697-52 [19]). Moreover, pure bitumens is aged
according to the RTFOT (EN 12607-1 [5]) and PAV (EN 14769 [6]) methods to compare the
results with the RILEM ageing method [10].
A part of this study also focuses on multi-scale modeling of the rheological properties of the
aforementioned mixes (HMA and WMA) based on the morphology of their microstructure
and the properties of theirs constituents (bitumens, aggregates, air voids). In the last decade,
micromechanical tools [25, 1, 2, 26, 27, 28, 1, 29, 3] and discrete element methods (DEM)
[25, 30, 31, 32] gains more interest in the bituminous mix community. In the DEM approach,
the contact between aggregates is modeled by the viscoelastic Burger’s model which accounts
for the linear viscoelastic l.v.e behavior of the bitumen that coats the aggregates, while in the
micromechanical approach the generalized self-consistent scheme (GSCC) is claimed to be an
efficient model to model the l.v.e of bituminous mixes [1, 2, 3]. Other micromechanical models
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Loose mixture
Short-term Ageing Long-term Ageing Field

Ageing Procedure Temp. (oC) Duration Temp. (oC) prediction
Van Gooswilligen 1989 [12] - - 160 16h

Shell (Read and Whiteoak 2003) [13] Mixing Temp. 2h 80 7 days
LCPC (Such 1997) [14] 135 4h 100 24 h
RILEM TG5 2009 [10] 135 4h 85 9 days -

BRRC [15] 135 1.5h 60 14 days
Re-Road project [16] 135 4h 90 20h

Van den Bergh (2012) [17, 18] 135, 130 4h, 3h 85, 90 7 days
TS 12697-52 [19] 135 4h 85 9 days

India 2019 [4] 135 4h 85 9 days 122h ⇒ 5 years
Compacted specimen

Temp. (oC) Duration Field
TRL (Nicholls 2006) [20] 110-120 48 h

EMPA (Van den Bergh 2011) [18] 60 16 h
SHRP-A-390 [21] [8] 85 5 days 5-10 years [8]

Nottingham Univ. [22] 85 65 h -
Japan 2003 [23] 70 0-8 days -

Tia et al. (1988) [24] 60 90 days
Raab 2017 [11] 66h at 85 oC + 6h at 20 oC+42h at 85oC +6h at 20oC

+42h at 85oC +6h at 20oC +66h at 85oC
Loose mixture and compacted specimen

Short-term Ageing (Loose mixture) Long-term Ageing (compacted mix) Field
The Netherlands [9] 165 oC 2h 90oC 7 days 10 years

135oC 4h 135oC 40h 10 years

Table 1: Loose mixes ageing protocols

have been developed by Zhu et al. [26] and Shu et al.[27]. The model developed by Zhu et
al.[26] predicts the elastic modulus of asphalt mixes taking into account the imperfect bonding
between the aggregate and the bituminous mastic layer. The imperfect bonding at the inter-
face is modeled by a spring. The spring stiffness varies from 10 to 108 and is used as a setting
parameter that allows the model to fit the experiments. It is shown that a value of k=50 allows
a good fitting of the experiments. Shu et al. [27] developed a 2-layers micromechanic model
in 3D taking into account the aggregates gradation and a film of bituminous mastic that coats
the aggregates, to predict the dynamic modulus of polymeric bituminous mix. They assumes
that every aggregate is coated with the same thickness of bituminous mastic contrary to the
works of Duriez [33]. Their model fails to predict the dynamic modulus of asphalt concretes
mixtures. The reasons for the discrepancy between measured and predicted dynamic moduli
are discussed in their paper.
In all the previous works the comparison between the model and the experiments are often lim-
ited to a narrow range of temperature and frequency [28, 1, 2, 27, 26]. In particular, previous
models cited fail to predict viscoelastic properties at temperatures above 20oC.
The micromechanical approach adopted in this study is inspired by the micro, meso and macro
scales presented in [1]. The micro-scale is characterized by the bituminous mastic whereas the
bituminous mortar is considered at the meso-scale level. At these levels a Mori-Tanaka scheme
is used, while the macroscopic scale (bituminous concrete level) is modeled by a generalized
self-consistent scheme (GSCC) based on the solution of the composite sphere in an infinite ma-
trix provided in [34]. However, the use of Mori-Tanaka scheme at the meso-scale is questionable
since the inclusion fractions represented by the fine aggregates is very higher than the mastic
fraction that play the role of matrix. In addition the new model presented in this paper aims
at improving previous ones by taking into account the stiffening effect of grain contacts which
play a crucial role at high temperature or low frequency.
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This article is organized in two main parts:

• Section 2 presents on the one hand the mix design and the evaluation of the bituminous
mastic layer that coats coarse aggregates, and on the other hand, it describes the ageing
protocols of hot and warm mixes and the bitumens;

• Section 3 describes the rheological tests performed to evaluate the linear viscoelastic
(l.v.e.) properties of the binders and mixes;

• Section 4 presents the results of the chemical analysis of the carbonyl and sulfoxide indices
that characterize the ageing of the binders;

• Section 5 presents the multiscale modeling of the complex modulus of the mixes based on
aggregate and bitumen properties and the comparison between models and experiments.

2 Materials and mix design

2.1 Materials properties
The mixes are produced with a paving grade bitumen 50/70, whose properties of needle pen-
etration (EN 1426) and softening temperature (EN 1427) are respectively 57 × 0.1 mm and
49.6 oC, and porphyry aggregates which come from Pont de Colonne quarry (in France) whose
abrasion loss and fragmentation properties respectively known as Microdeval (EN 1097-1) value
and Los Angeles (EN 1097-2) value are 17% and 8%. The aggregate gradation used in the AC10
mixture (according to the EN 13108-1 [35]) is presented in Fig. 1. It is used for surface and
binder courses. The mixture composition and the densities of the constituents are given in
Table 2. The mixture is produced using a laboratory mixer considering the optimum binder
content of 5.4%, previously determined.

Constituent Mass content (in %) Density (in kg.m−3)
Limestone filler 2.96 2700

0/2 27.59
2/6.3 25.05 2700
6.3/10 44.4

Bitumen 50/70 5.4 1040
Cecabase for WMA 1% (bitumen mass) 900

Table 2: Mix composition

2.2 Evaluation of bitumen layer around the aggregates
The interest of this preliminary section is to evaluate the thickness of the mastic film that coats
the aggregates, given that this parameter is important for the future multiscale modelling.
To do this, we use the successive bitumen recovery method on bituminous mixture fractions
already sieved. This procedure was previously used by Marius Duriez [33] to determine the
thickness of the bitumen film around aggregates.

Thus, to evaluate this bituminous mastic thickness, bituminous mixture 0/10 is manufac-
tured, loosen and spread in thin layer. After cooling, they are sieved to obtain 5 batches of
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Figure 1: Grading curve of the AC mixture aggregate

bituminous mixtures fractions: 0/2, 2/4, 4/6.3 6.3/10, 10/14 as shown in Fig. 2(a). The bi-
tumen amount of each fraction is recovered as described in section 2.4.3. It should be noted
that small fractions of bituminous mixes can agglomerate or stick to coarser aggregates. Thus,
each fraction contains the fractions of smaller diameters; for example the fraction of bitumi-
nous mixes 4/6 contains aggregates 4/6, 2/4, and 0/2. After the bitumen recovery the batch
of aggregates of each bituminous mixture fractions is sieved again. For the fraction 0/2 of
the mixture, it is easy to determine the bitumen content after the bitumen recovery. For the
other mixes fractions, we proceed recursively by first determining the amount of bitumen in the
fraction 0/2 then in the 2/4 contained in the mixture 2/4. Then, we proceed similarly for mix-
ture 4/6.3, 6.3/10 and 10/14 successively. The bitumen content evaluated in each aggregates
fractions are given in Table 3.

Constituent Mass content (in %)
0/2 10.31
2/4 4.29

4/6.3 3.62
6.3/10 2.36

Table 3: Bitumen content in each granular fraction

Once the bitumen content of each aggregate fraction is known, we assume the aggregates
as spherical then we determine the bitumen layer thickness around each aggregate as follows:

enominal
mastic (di) =

BC

S × ρb
(1)

where BC is the bitumen content of each aggregate fraction, ρb is the bitumen density and S
the specific surface of the aggregate defined as the ratio of the surface over the mass of the
aggregate: S = 6/(d × ρg) where ρg is the aggregate density and di accounts for the mean
diameter of each fraction i.
By applying this approach, we obtain the following relationship:

enominal
mastic (di) = e0 × (di/d0)

0.513 where d0 = 1 mm and e0 = 61.3 µm (2)
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Eq.2 assumes that all the bituminous mastic recovered from experiment is used to coat the
sands and coarse aggregates. This is not totally true because only a part of this mastic is used
to coat the coarse aggregates and the other part is used to form the bituminous mortar (with
the sands) that fills partially the intergranular pores. An estimation of the distribution of this
bituminous mastic between the inter-granular mortar and the coated aggregates is presented
in section 5.2.1.

(a) AC10 mixture fractions (b) evolution of efilm according to the diameter

Figure 2: Evaluation of bitumen layer around the aggregates

2.3 Ageing of bituminous mixture
The RILEM ageing procedure on loose mixture is adopted in this section instead of ageing of
compacted specimens. This choice is motivated by the following reasons:

• air and heat can easily circulate inside the bituminous mixture, thus, allowing uniform
ageing throughout the mixture

• the risks associated with the loss of integrity of the compacted samples (risk of creep)
during laboratory ageing can be reduced

• the rate of oxidation may increase due to exposure to oxygen from a larger binder surface.

2.3.1 Ageing of hot mix asphalt (HMA)

The hot mixes AC 0/10 is manufactured at 165oC and then subjected to different ageing du-
ration from 0 to 9 days. After the mixing, the loose HMA mixture is cooled down to 135oC
and spread in thin layer into a tray (not more than 2.5 cm to favor better circulation of air
around the coated aggregates to accelerate the ageing process) and placed in a ventilated oven
during 4 hours to simulate the short term ageing. Then, it is cool down to 85oC and kept in the
oven for 3, 6 or 9 days to reproduce the long term ageing. At the end of the ageing procedure
the loose mixes is reheated at 135oC during 2 hours then compacted. The reference hot mix
is compacted just after the mixing without long-term ageing and designated H0 while those
subjected to long-term ageing is labeled H3, H6, H9 corresponding to the 3, 6 or 9 days ageing.
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The various stages as well as the temperatures involved are shown schematically in Fig. 4.

In addition, in order to later validate the multi-scale model at the mortar scale, a mortar
bituminous mixture AC 0/2 is manufactured at 165oC and compacted without short and long
term ageing using the bitumen content of 10.31% as determined in Table 3. It is designated
M0. For this operation the limestone fillers added to the 0/2 aggregates fractions are presented
in Table 2.

2.3.2 Ageing of foamed warm mix asphalt (WMA)

The foamed bitumen is produced by mixing bitumen preheated to 165oC, 1% of Cecabase addi-
tive and 5.5% of added water initially kept at ambient temperature. Preliminary investigations
show that this procedure allows to obtain maximum expansion ratio of the foam equal to 45
times the initial bitumen volume. The foam is produced at the outlet of the tank by adjusting
the flow rate of water and bitumen and instantly sprayed under pressure onto the aggregates
which are preheated to 135oC. These components are mixed to obtain a better coating of the
aggregates. The foam and mixture produced with the Wirtgen WBL 10S apparatus which
allows automatic control of temperatures, water and bitumen flow rate and foam injection
pressure. The WMA is manufactured at 135oC then immediately spread in thin layer. The
short and long term ageing and compaction procedures applied are similar to that of HMA (see
also Fig. 4). The mixes manufactured is labeled W0, W3, W6, W9 for reference (0), 3, 6 or 9
days ageing respectively.

usual

water

content

 water content for

maximum foam

expansion

Figure 3: Determination of the optimal water content for bitumen foaming

2.4 Ageing of bitumen
2.4.1 Simulation of HMA field ageing by RTFOT and PAV protocols

The RTFOT [5] and PAV [6] ageing protocols are carried out on fresh bitumen to simulate
respectively the short-term and long-term ageing that a binder undergoes during HMA pro-
duction until paving and its natural ageing during the service life. The RTFOT is carried out
at 163oC during 75 min according to EN 12607-1. The long-term ageing of HMA is simulated
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Figure 4: Ageing kinetic of HMA and WMA used in the current study

using the pressure ageing vessel (PAV) test in accordance to the EN 14769. It is supposed
simulate 7 to 10 years ageing on the road during the life time of the pavement [7].

2.4.2 Simulation of WMA field ageing by RTFOT and PAV protocols

The short term ageing of WMA is simulated by the RTFOT performed at a temperature of
140oC other parameters remaining unchanged. This temperature is selected in order to be the
closest to the manufacturing temperature of WMA. The long-term ageing of HMA is simulated
using PAV procedure in accordance to the EN 14769.

2.4.3 Bitumen recovery

First of all, an important step before binder’s characterization is the binder’s extraction and
recovery of bituminous samples, carried out according to the following experimental procedure
described in the French testing method [36]: the pavement cores of bituminous mixtures are
broken into small pieces before solvent extracting the binder from the aggregates. The ex-
traction is based on the dissolution in the dichloromethane solvent at room temperature. This
binder solution is then filtered and centrifuged to remove all aggregate particles from the binder
solution. After that, the solvent is removed by distillation under air vacuum. It is important
to note that after the binder is extracted and recovered, it is analysed by infrared spectroscopy
to ensure complete solvent removal (no infrared peaks of chlorine) and the calcination residue
during 8 hours at 450oC has to be less than 1% of binder test portion. After complete solvent
removal, a physico-chemical and rheological studies could be performed on recovered binders
aged at different levels

The RTFOT and RTFOT+PAV aged bitumens and those recovered from the mixes (H0 to
H9, W0 to W9) is tested with dynamic shear rheometer (DSR).

3 Rheological tests

3.1 2-point cantilever beam test
The complex modulus E∗ of the mixes is carried out on a prismatic cantilever bending test
in accordance to EN 12697-26 (Annex A: 2P-PR [37]) varying the temperature from -10oC to
50oC and the frequency from 3 Hz to 40 Hz. The test is carried out by applying a sinusoidal
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deflection z = z0 sin(ω × t) to the head of a specimen glued at its base to a stand fixed to a
rigid chassis. The deflection z0 is such that it causes a strain ϵ ≤ 50× 10−6 in the most heavily
stressed part of the specimen, which is supposed to correspond with the linear range of the
bituminous mixture. The force F and the phase angle δ measured allow to calculate the real
and imaginary component (respectively E1 and E2) of the complex modulus as follows:

E1(ω) = γ

(
F0

z0
cos(δ(ω)) + µ× ω2

)
;E2(ω) = γ

F0

z0
cos(δ(ω)) (3)

Where γ = 4L3/(bh3) is the form factor which depends on the specimen form and µ =
M/4 + m is the mass factor which is a function of the mass of the specimen, M, and the
mass of the movable part, m that influence the resultant force by their inertial effects. Then,
|E∗| =

√
E2

1 + E2
2 and δ = arctan(E2/E1). The isotherms of |E∗| and δ are then used to built

the master curves (see section 3.3).

(a) Mixes complex modulus E∗(ω) test
principle

(b) Bitumen complex modulus G∗(ω) test principle

Figure 5: Evaluation of rheological properties

3.2 Dynamic Shear Rheometer test
The dynamic shear rheometer (DSR) is used to characterize the viscous and elastic behavior of
bituminous binders at medium to high temperatures. It is performed on virgin and recovered
binders, following EN 14770 [38]. This test measures the complex shear modulus |G∗| of a mate-
rial through oscillatory type solicitation as displayed in Fig. 5(b). The complex shear modulus
G∗ contains several information including the storage modulus, G1, and the loss modulus, G2,
related to each other through the phase angle δ. These values are frequency and temperature
dependent.

G1(ω) =
2MtH

πR4θ
cos δ;G2(ω) =

2MtH

πR4θ
sin δ (4)

Where R is the radius of the specimen, H the specimen thickness, θ is the rotation angle of
the upper piston, Mt is the torque moment. Then, |G∗| =

√
G2

1 +G2
2 and δ = arctan(G2/G1).

The isotherms of |G∗| and δ are then used to built the master curves (see section 3.3).
Before starting the DSR measurement, strain sweeps is performed to determine the linear visco-
elastic region of the binder. The parameter of the DSR test are given in Table 4. The DSR test
is performed over a temperature range from 10oC to 80oC and frequency sweep from 0.681 to
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21.54 Hz. The norm of the shear modulus |G∗| and phase angle δ measured are used to build
the master curves represented in Figs.8.

Device Diameter of the parallel plate (mm) Gap (mm) Temp. (oC) Frequency (Hz)
DSR 25 1 50 to 80 0.681 to 21.54
DSR 8 1.8 10 to 40 0.681 to 21.54

Table 4: Parameters of DSR test

3.3 Master curve building
The isotherms are shifted according to the procedure described in refs. [39, 40] to obtain the
modulus (|E∗(ω)|) and phase-angle δ(ω) master curves at the reference temperature Tref = 10
oC. This method of constructing the master curves is chosen because it is relatively simple
to implement and above all, it allows to construct the master curves without introducing the
errors that a manual translation of the isotherms can introduce. According to this method,
which is based on Kramers-Kronig relationships between |E∗(ω)| and δ(ω) [41], the shifting
factors are calculated by the following expression:

log(a(Ti,Tref )) =
π

2

j=ref∑
j=i

log(|E∗(Tj, ω)|)− log(|E∗(Tj+1, ω)|
δ
(Tj ,Tj+1)
avr (ω)

; i = 1, 2, ..., N (5)

where |E∗(Tj, ω)| and |E∗(Tj+1, ω)| are the norms of the complex moduli measured at con-
secutive temperatures Tj and Tj+1 at the lowest frequency ω and δTj ,Tj+1

avr (ω) is the average of
the phase angles measured at Tj and Tj+1 for the lowest frequency ω.

In practice, translation coefficients are calculated by taking the lowest experimental value
obtained for ω and for each isotherm. Translation coefficients a(Ti,Tref ) calculated using Eq.5
enable us to adjust coefficients Cref

1 and Cref
2 of the Williams Landel and Ferry law:

log(a(Ti,Tref )) =
−Cref

1 (Ti − Tref )

Cref
2 + Ti − Tref

(6)

Using this adjustment method, it is possible to obtain pairs of coefficients Cref
1 and Cref

2 for
different reference temperatures Tref ′ . If one compares these values with those deduced from
passage laws as follows:

Cref ′

2 = Cref
2 + Tref ′ − Tref ;C

ref ′

1 =
Cref

2 × Cref
2

Cref ′

2

(7)

A Python routine is implemented to build the master curves at a reference temperature of
10oC. This routine is also used to calibrate the rheological model described in section 3.4.

3.4 Calibration of the rheological model
We use here the Huet-Sayegh model (2S2P) and the C. Such model (1S2P1D) that are some
particular case of the 2S2P1D model formerly developed by Huet [42] to interpret the complex
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modulus tests performed on bituminous materials then successively improved par several au-
thors [43, 44, 14, 45]. It is represented by a purely elastic spring connected in parallel to two
parabolic dampers (sensitive to temperature) in series with an elastic spring, as sketched in
Fig. 6. In the frequency domain, the complex modulus of the modified Huet model reads [45]:

E∗(iωτ) = E0 +
E∞ − E0

1 + δ(iωτ)−k + (iωτ)−h + (iωτβ)−1
(8)

Where E∞ denotes the glassy modulus when ω → ∞ and E0 the static modulus when
ω → 0; η; ω = 2πf , f : the load frequency. η = (E∞ − E0)βτ corresponds to the Newtonian
viscosity of the dashpot. k and h are exponents of the parabolic dampers (1 ≻ h ≻ k ≻
0), and δ is a positive non-dimensional coefficient which accounts the proportionality between
the characteristic times of the two parabolic dampers. τ is a response time parameter which
accounts for the equivalence principle between frequency and the temperature. The bitumen
bulk modulus kbit=2500 MPa is assumed as that of synthetic polymers according to the work
of Tschoegl [41](page 521), while the tensile modulus E∗ is calculated from the shear modulus
G∗ as follows:

E∗ =
9KG∗

3K +G∗ (9)

Figure 6: Thermo-viscoelastic 2S2P1D model

The optimization algorithm Subplex implemented in python nlopt library is used to calibrate
the parameters of the rheological models. This calibration is done on the results of phase angle
δ vs reduced frequency (aTω) domain. The parameters obtained from this optimization are
given in Table 5.
These parameters are obviously not universal, they depend on:

• The calibration of the parameters in other domain (cole-cole plan, Black space, or E∗ vs
reduced frequency (aTω));

• The use of other optimization algorithms (Neldermead, Praxis, . . . ) ;

• The choice to fix or not the value of certain parameters during the optimization. E∞ is
kept constant in the data given in Table 5.

Let’s precise that although they are not universal, the evolution of these parameters (in
particular the increase of δ and τ) with ageing is in no way called into question.
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The parameters E0 and β in Eq.8 are related to the high temperature behavior, they are
less precise since the experimental measurements are generally very scattered at high tempera-
tures. The parameters E0 and E∞ are not considered, since they are almost partly exclusively
dependent on the granular skeleton of a mixture rather than on the binder [45]. In addition,
β is more relevant to high temperature behavior of the mixture. The parameter δ is shape
parameter. It is called shape parameter in the Cole-Cole representation. τ is a characteristic
time of the rheological model.

Mixes E0 E∞ δ τ k h
(MPa) (MPa) (s)

H0 45 25000 1.85 0.52 0.21 0.61
H3 52 25000 2.68 1.88 0.19 0.61
H6 100 25000 3.17 4.78 0.19 0.59
H9 10 25000 3.42 7.63 0.19 0.59
W0 25 25000 1.98 0.38 0.19 0.61
W3 47 25000 3.77 7.37 0.19 0.61
W6 88 25000 3.68 101 0.19 0.59
W9 100 25000 3.0 1000 0.19 0.59

Mortar M0 49 25000 2.55 0.09 0.19 0.61
Bitumen E∞ δ τ k h β

B0 1800 2.89 3.65e-04 0.15 0.62 96
B(RTFOT163) 1800 2.81 9.55e-04 0.21 0.62 178

B(RTFOT163 + PAV ) 1800 4.90 4.83e-03 0.29 0.62 310
B(H0) 1800 3.32 1.08e-03 0.21 0.62 145
B(H3) 1800 3.60 1.32e-03 0.24 0.62 178
B(H9) 1800 4.60 2.27e-03 0.24 0.62 221

B(RTFOT140) 1800 3.03 4.01e-04 0.19 0.62 145
B(RTFOT140 + PAV ) 1800 5.50 3.04e-03 0.26 0.62 278

B(W0) 1800 5.56 5.16e-03 0.24 0.62 105
B(W3) 1800 8.13 1.62e-02 0.26 0.61 288
B(W6) 1800 9.78 3.93e-02 0.26 0.60 490

Table 5: Modified 2S2P1D model parameters for binders and mixes at Tref = 10 oC

3.5 Analysis of experimental results
Figs. 7(a), 7(c) show that the stiffness moduli of the mixes increase with the long term age-
ing duration. These increases in moduli result in a decrease of the phase angles as displayed
in Figs. 7(b) and 7(d). The same observations can be made concerning the evolution of the
moduli and phase angles of the bitumens extracted from the mixes (see Figs. 8(c) to 8(d)).
The modified 2S2P1D parameters given in Table 5 show that the shape parameter δ and par-
ticularly the chacteristic time τ increase with the ageing duration when k, h and E∞ are kept
approximately constant. Thus, we can assume that the ageing mainly affects the characteristic
time τ of binders and mixes. For the warm mixes and their bitumens, one can note that the
characteristic times τ increase highly with ageing duration than HMAs and their binders. The
results in the Table 5 show that the properties of warm mix W3 aged for 3 days are comparable
to those of hot mix H9 aged for 9 days.
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The higher ageing of WMAs is probably due to the higher water content of 5.5% used for
the bitumen foaming. Usually this water content is less than 2% as shown in Fig 3 reducing
the ageing WMAs [46]. Indeed, as shown in Fig 3, a high water content of 5.5% produces a
higher foam volume that promotes good coating of the aggregates. However, a higher volume of
foam bitumen implies a higher surface of bubbles of the foam exposed to air and subject higher
oxidation since these have very thin thickness. In the case where the water content is relatively
low, 1.8%, as in the work of Abbas et al.[46], the foam volume is lower, which leads to less
oxidation. Viscosity measurements made by Li et al.[47] on soft bitumens (needle penetration of
75 × 0.1mm) after foaming with 1 to 5% water content, have shown that the viscosity increases
for higher and lower water content while it decreases for medium water contents (3%). Even
if they did not investige the ageing of the foam bitumen in their study, they show that a high
water content can lead to counter-intuitive results on the properties of bitumens after foaming.
Fig.8(c) also shows that RTFO test simulates quite well the short term ageing of HMA (H0) as
already shown by literature [14]. However, the long term ageing simulated by the RTFOT at
163 oC + PAV is more severe than the RILEM long term ageing procedure at 9 days on loose
mixes. Regarding the WMA, the RILEM ageing procedure on loose mixes is more severe than
the RTFOT at 140oC and RTFOT at 140oC+PAV. The |E∗| of the bitumen extracted from
short term aged mixture W0 is similar to that of the RTFO at 140oC+PAV which is supposed
to simulate the long term ageing. In addition, it should be noted that the complex modulus of
the bitumen recovered from W9 is not tested because the latter is too hard.
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Figure 7: Master curves of complex moduli and phase angle of mixes at Tref = 10 oC
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Figure 8: Master curves of complex moduli and phase angle of binders at Tref = 10oC

Fig.9 shows the evolution of the characteristic time τ with the ageing duration for binders
and mixes. These results show higher slopes of τ in the case of WMAs compared to HMAs. The
same observation applies to the recovered binders. This is consistent with the accelerated ageing
WMAs due to bitumen foaming as explained previously. It is also noted that the characteristic
times of asphalt mixes are 10 times greater than those of bitumens. This is mainly due to the
presence of aggregates in the mixes and incidentally to the rheological model used to model
the complex moduli of bitumens (1S2P1D) and that used for mixes (2S2P) and also to the
optimization procedure (the boundary conditions on the modified 2S2P1D parameters during
the optimization can differ from HMA to WMA on the one hand and also for binders recovered
from HMA and WMA on the other hand).

4 Physico-chemical properties of aged bitumens
From a chemical point of view, ageing is caused by irreversible oxidation, itself due to the
presence of oxygen in air, thus creating carbonyl (C = O) and sulfoxide (S = O) groups, mod-
ifying bitumen composition (increase in molecule size, bitumen polarity and aromaticity) and
hardening the bituminous binder which becomes more brittle. Carbonyl and sulfoxide groups
are considered as relevant markers for qualifying bitumen ageing and their monitoring by FTIR
spectroscopy is often used. Sulfoxide groups can be present before ageing, according to the
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Figure 9: Effect of long term ageing on characteristic time τ of the rheological 2S2P1D model

origin of crude oil. They form faster and at higher temperature than carbonyl groups. The
determination of carbonyl or sulfoxide indexes (noted IC=O and IS=O respectively throughout
this paper) by FTIR spectroscopy is used as a scientific tool in many research works to follow
during time the ageing evolution of unique bitumen. In a FTIR spectrum, carbonyl and sulfox-
ide peaks are located at wavenumbers of 1700 and 1030 cm−1 respectively. IC=O (respectively
IS=O) is calculated as the ratio of the peak area of carbonyl (respectively sulfoxide) group
centred at 1700 cm−1 (respectively 1030 cm−1) over the area of peaks referred to ethylene and
methyl groups (reference peaks) and centred at 1460 and 1375 cm−1 respectively. The results
given in Table 6 of FTIR reveal:

• a gradual increase of carbonyl indices upon ageing. IC=O increases from 2.4% for the
fresh bitumen (B0) to 6.1% for bitumen recovered from 9-days aged mix H9 and to 5.9%
for that recovered from 6-days aged warm mix H6.

• a gradual increase of sulfoxides IS=O vs. long term ageing time. The IS=O increases from
2.0% for the fresh bitumen (B0) to 7.8% for bitumen recovered from 9-days aged mix H9
and to 13.3% for that recovered from 6-days aged warm mix H6.

• Considering the sum of the two indices as an indicator of ageing (IC = IS=O + IC=O),
then IC(B0) = 4.4%, IC(BH9) = 13.9% and IC(BW6) = 19.2%. This means that the
bitumen of the warm mix is more oxidized after 6-days ageing than that of the hot mix
after 9-days of ageing. As explained before, this is probably due to higher water content
(5.5%) used in the foaming process of WMAs.

• a decrease in penetrability, an increase of the softening temperature which are consistent
with carbonyl and sulfoxide indices as already observed in the literature [48]

• a gradual increase of the asphaltene content upon ageing duration which is proved to
highly influence the stiffness of the bitumen

5 Multiscale modeling
The bituminous mix and bituminous mortar shown in Fig.10 are heterogeneous materials for
which we propose to model the linear viscoelastic properties (complex modulus and phase
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Bitumen Pen TRB IC=O(%) IS=O(%) Asphaltene (%)
B0 57 49.6 2.4 2.0 13.8

B(RTFOT163) 36 55.6 3.3 2.5 15.9
B(RTFOT163 + PAV ) 21 65.2 6.3 5.4 19.4

B(H0) 37 55.6 4.5 4.2 15.1
B(H3) 30 57.8 5.0 6.2 14.3
B(H9) 26 61.4 6.1 7.8 15.6

B(RTFOT140) 45 52.4 2.4 2.7 12.1
B(RTFOT140 + PAV ) 26 62.4 4.9 6.2 17.0

B(W0) 26 57.0 0.3 11.2 18.7
B(W3) 19 66.2 4.2 12.0 22.4
B(W6) 15 71.8 5.9 13.3 26.7

Table 6: Physico-chemical properties of aged bitumens

angle) using the ECHOES (Extended Calculator of HOmogEnization Schemes) library develop
by J-F. Barthélémy and used in previous works [49, 50]. This article is not intended here to
present the details of the modeling implemented in ECHOES library, its objective is to use this
library to model the properties of asphalt mixes without going into the details of the software.

Figure 10: Overview of mortar and bituminous mix specimens

5.1 Input data of the model
Table 5 gives the necessary data concerning the linear viscoelastic properties of the bitumen
and the mixes. In addition to these data, the volume fraction f of each constituents relative to
the mixture total volume are given in the Table 7. The elastic modulus of aggregates, sands and
fines is respectively Eag = Esand= Efines= 95 GPa with a Poisson’s ratio νag=νfines=νsand=0.17
and a density of ρag=2700 kg.m−3. The bitumen bulk modulus kbit=2500 MPa and its density
is ρbit=1040 kg.m−3. The voids densty is assumed to be ρvoids=0 kg.m−3. For the warm mixes,
the effect of the additive is neglected due to its very low quantity. The aggregates are coated
with bituminous mastic film. The nominal mastic film thickness is given by Eq.2.
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Mixes bitumen fines sand 2/4 4/6.3 6.3/10 voids
f 12.1% 7.2% 26.6 % 12.1 13.3% 22.7% 6%

Mortar bitumen fines 63 µ m/0.5 mm 0.5 mm /1 mm 1 mm / 2 mm voids
f 22.7% 10.8 % 10.8 % 20.0% 35.5% 0.1%

Table 7: Volume fraction f of the bituminous mixture and mortar constituents

5.2 Representation of the bituminous mix AC 0/10 for the microme-
chanical purpose

5.2.1 Model description

For the bituminous mixes, the following representative elementary volume (r.e.v) is considered
and a simplified description of the microstructure is proposed in Fig. 11. All the fractions
evoked in this section must be understood as volume fractions.

Figure 11: Overview of mortar and bituminous mix specimens

We decompose the bituminous mix into three scales (see Fig.10):

• at the microscale (0µm− 63µm), the mastic is composed of a bitumen matrix embedding
fillers. The volume fractions of the bitumen and the fillers are respectively fbit = 63%
and ffines= 37%, whatever the mix formula (HMA, WMA). At the this mastic scale,
the Mori-Tanaka (matrix / inclusions) scheme [51] is used because, on the one hand,
fbit ≻ ffines and of the other hand, the fines are assumed to be surrounded by a connex
bituminous phase.
Let’s recall that Eq.2 in section 2.2 assumes that all the bituminous mastic fmastic recov-
ered from experiment is used to coat the aggregates. This is not totally true because only
a part of this mastic is used to coat the coarse aggregates and the other part is used to
make the bituminous mortar (with the sands) that fills partially the intergranular voids.
If one considers that the coarse aggregates are coated by one part α of the bituminous
mastic i.e α × fmastic, and the other part of the mastic (1 − α) × fmastic used to make
a bituminous mortar, therefore, the thickness of the bituminous mastic film coating the
coarse aggregates is no longer governed by the Eq. 2 but rather by the Eq.10.

efilm,mastic(di) = α× enominal
mastic (di) = α× 61.3× (di/d0)

0.513 (10)

This parameter α brings a correction to the hypothesis behind Eq.2. α is a setting
parameter that allows to distribute the bituminous mastic between the mortar and the
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mixture. It is evaluated a posteriori.
In Eq.10, di represents the mean diameter of the aggregates fraction i (e.g. the aggregates
fractions: 2/4, 2/6.3, 6.3/10 in mm ; the mean diameters di are respectively 3, 4.15 and
8.15 mm). Thus, the volume fraction of the bituminous mastic used to coat the coarse
aggregates at the macroscale f

Γag

mastic is determined as follows:

f
Γag

mastic =
∑
i

fag,i

((
1 +

efilm,mastic(di)

di/2

)3

− 1

)
(11)

Where fag,i is the volume fraction of each aggregate fraction.
The volume fraction of the bituminous mastic used to build the mortar at the mesoscale
f⊂mortar
mastic is then determined as:

f⊂mortar
mastic = fmastic − f

Γag

mastic (12)

At the mastic scale, the volume fractions of the mastic portions f⊂mortar
mastic used to build

respectively the mortar and to coat the coarse aggregates f
Γag

mastic are calculated after
the optimization process presented in the flowchart see Fig. 12. This leads to respec-
tively: f

Γag

mastic=1.2% and f⊂mortar
mastic =98.8% for warm mixes (respectively f

Γag

mastic=0.2% and
f⊂mortar
mastic =99.8% for hot mixes). These data are independent of the ageing state of the

mixes.

• at the mesoscale (63µm− 2mm), the mortar is composed of a mastic matrix embedding
sand grains. This mortar is made with a part of the previous bituminous mastic f⊂mortar

mastic .
In the warm mixes, the volume fractions of the mastic f⊂mortar

mastic and sand fsand portions
relative to the mortar volume that arise from the flowchart are: f⊂mortar

mastic = 41.71% and
sand fsand=58.29%. For the hot mixes these fractions are respectively f⊂mortar

mastic =41.92%
and sand fsand=58.08%. At the mesoscale, the Mori-Tanaka scheme [51] is used to ho-
mogenize the mortar properties since the sand are assumed to be surrounded by the
connex bituminous mastic phase.

• at the macroscale (2mm−10mm), the bituminous mix is made of three phases: the coarse
aggregates coated with thin bituminous mastic, the mortar phase which partially fills the
intergranular and the air voids. The aggregates are represented as spheres coated with
bituminous mastic layer whose thickness is given by Eq.10.
The volume fractions of the warm mixes (WMA) constituents (mortar, pores and coated
aggregates) are respectively mortar f⊂mix

mortar= 45.6%, pores f⊂mix
voids = 6.0% and coated ag-

gregates f⊂mix
ag = 48.4% while those of hot mixes are: for the mortar f⊂mix

mortar= 45.86%, for
the pores f⊂mix

voids = 6.0% and for the coated aggregates f⊂mix
ag = 48.14%.

In addition, the bituminous mixture compaction causes contact between the aggregates,
which helps to stiffen the granular skeleton of the bituminous mix. This grain-grain
contact must be taken into account in the model especially at high temperature or low
frequency where the bituminous phase becomes too compliant. Indeed, if the latter is
perfectly surrounding the grains (no intergranular contacts), this would entail a large
decrease of the overall stiffness in contradiction with experimental measurements. Ac-
cording to an idea proposed in [52], the contact is modeled by a juxtaposition of bitumen
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thin layer (of surface fraction χ) and actual grain contacts (of surface fraction (1 − χ)).
The grain contact does not allow interpenetration of grains but only relative sliding so
that it is characterized by a linear spring model relating the local shear stress to the
tangential displacement jumps thanks to a shear stiffness kt. For χ = 1, the grains are
entirely surrounded by a thin layer of bitumen, which implies a total loss of stiffness at
high temperature or low frequency. On the contrary if χ < 1 such a model is consis-
tent with the idea of connexity of the granular skeleton even at high temperature or low
frequency. Finally this model of juxtaposition of bitumen thin layer and grain contacts
(see Fig. 11) can be viewed as a composite interphase of thin thickness surrounding the
aggregate. It follows from the small thickness that only the out-of-plane components of
stress and strain play a mechanical role in this problem so that it is proposed to model the
interphase stiffness by the Voigt bound of the two constituents (acting as parallel springs
as regards the relevant components of the stiffness tensor). In the frequency domain, i.e.
the complex stiffness tensor of the interphase is then written under the form

C
int = χCmastic + (1− χ)Ccontact with C

contact = 3 kag
J+ 2α emastic kt J (13)

where kag is the bulk modulus of the grain and J and K are respectively the spherical
and deviatoric fourth-order projectors.
At this macroscale, the generalized self-consistent scheme is used.

5.2.2 Identification of unknown contact and coating parameters

In order to identify the parameters α, χ and kt that can not be measured by experiment, we
minimize the difference between the complex moduli measured E2S2P1D and modeled Emod. We
assume that these parameters are not influenced by the ageing. In other words, these parameters
are constant for the hot mixes (respectively warm mixes) regardless of the ageing duration (0
to 9 days). These parameters are assumed to depend on the mixing and compaction process.
They are determined using the minimization algorithm with inequality constraint COBYLA
(Constrained Optimization BY Linear Approximations) [53] (defined as NLOPT.LN_COBYLA
in python). This latter allows to find α, kt, χ shuch that:

∑
ω

∣∣∣∣1− Emod

E2S2P1D

∣∣∣∣2 ≤ ε with ε = 10−9 (14)

Where ω is the angular frequency in rad.s−1

The values of kt, χ and α that minimize the difference between the multiscale model Emod and
the experimental data fitted with 2S2P1D model E2S2P1D are follows:

• for hot mixes (HMA): α = 5.82× 10−3, χ ≈ 0.98 and kt ≈ 6.1× 103;

• for warm mixes (WMA): α = 4.16× 10−3, χ ≈ 0.98 and kt ≈ 3.7× 103

5.2.3 Implementation flowchart

The flowchart Fig. 12 shows the different steps of multiscale modeling described in the previous
sections 5.1, 5.2.1 and 5.2.2.
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Figure 12: Flowchart of the program implemented

5.2.4 Comparison between the multi-scale model and mixes data

The Figs.13 and 14 show a comparison between the multiscale model and the experimental data
curve-fitted with the 2S2P1D model for hot and warm mixes. The Figs.13(a) and Figs.14(a)
shows the evolution of the complex modulus according to the frequency of the bitumens and
the mixes. The experimental complex modulus of mixes (H0(exp) to H9(exp) for HMA and
W0(exp) to W6(exp) for WMA) are compared with the results of the multiscale model that
takes into account the grain-grain contact (α, χ and kt). They are labeled H0(mod) to H9(mod)
for HMA and W0(mod) to W6(mod) for WMA. For the value of α, χ and kt given in section
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5.2.2, the model results are in the general trend in good agreement with the experimental
results. The same figures Figs.13(a) and Figs.14(a) also show the results of the model with
no contact parameters (χ and kt). It can be seen that at low frequencies the model predicts
a significant decrease in the stiffness moduli of some of the mixes. The absence of contact
parameters is more visible on the representations of the phase angle δ as a function of the
angular frequency ω (Figs.13(b) and 14(b)). It can be observed that, at low frequencies and
in the absence of grain-grain contact, the phase angle of the mixture tends asymptotically
towards that of the bitumen. This is logical because if the aggregates are perfectly coated
with bituminous mastic and if there is no contact between the aggregates, therefore, at low
frequencies and high temperatures the properties of the mix, particularly their phase angles
tend towards that of the mastic that coat the aggregates. Thus, taking into account the contact
parameters makes it possible to take into account the low stiffness of asphalt mixes at high and
low temperatures.
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Figure 13: Comparison between multi-scale model (mod) with grain-grain contact and the
experiments modeled with 2S2P1D model for HMA

5.3 Case of the bituminous mortar AC 0/2
In this paragraph, we reproduce the previous approach presented in sections 5.2.1 to 5.2.4 to
bituminous mortar 0/2 shown on the right side in Fig.10. For this, we decompose the mortar
0/2 into three scales:

For the bituminous mortar, the following representative elementary volume (r.e.v) is con-
sidered and a simplified description of the microstructure is proposed in Fig.15.

• the microscale (0µm− 63µm), which consists of mastic bituminous made with bitumen
matrix and fillers. This bituminous mastic consists of (67.8%) of bitumen and (32.2%)
of fines aggregates. Therefore, the Mori-Tanaka (matrix / inclusions) scheme is used at
this scale. At the mastic scale the volume fractions of the mastic portions f⊂mortar

mastic used
to build respectively the mortar and to coat the coarse aggregates f

Γag

mastic are calculated
after the optimization process presented in the flowchart leads to respectively: f

Γag

mastic=
2.05% and f⊂mortar

mastic =97.95%;
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Figure 14: Comparison between multi-scale model (mod) without grain-grain contact and the
experiments modeled with 2S2P1D model for WMA

Figure 15: Overview of bituminous mortar specimen

• the mesoscale (63µm− 500µm) where the Mori-Tanaka scheme is used. In the case of
AC 0/2, the volume fractions of the mastic f⊂mortar

mastic and sand fsand portions relative
to the mortar volume that arise from the flowchart are: f⊂mortar

mastic = 75.64% and sand
fsand=24.36%;

• the macroscale (500µm− 2mm) where the bituminous mix is made of fines aggregates
coated with thin bituminous mastic, the mortar phase (build at the mesoscale) fills the
intergranular space. At the this scale the grain contact is also allowed between the
fines aggregates. At this macroscale, the generalized self-consistent model is used. The
volume fractions of the AC 0/2 mix constituents (mortar, pores and coated aggregates) are
respectively mortar f⊂mix

mortar= 44.34%, pores f⊂mix
voids = 0.1% and coated aggregates f⊂mix

ag =
55.56%.

The parameters α, χ and kt determined using the procedure described in the flowchart gives:
α = 0.05, χ = 0.975 and kt = 3.4× 103.

The comparisons between the multiscale model and the and the experimental data curve-
fitted with the modified 2S2P1D model for the AC 0/2 mix are shown in Figs.16(a) and
Figs.16(b). For the value of α, χ and kt given above, the model results are in good agree-
ment with the experimental results. The results also highlight a significant decrease in the
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predicted stiffness modulus (increase of the predicted phase angle) at low frequencies when the
contact parameters are not taken into account.
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Figure 16: Comparison between multi-scale model (mod) and data for mortar 0/2 mm with
and without contact between the aggregates

6 Conclusion
The study presented in this article has two parts: the first part is focused on the impact of
long-term ageing kinetics on the linear viscoelastic (l.v.e.) properties of bituminous binders and
mixes and the second dealt with the multiscale modeling of the properties of these mixes.
In the first part, the effect of long-term kinetic on HMA and WMA is investigated focusing on
the evolution of the l.v.e. properties of the binders and the mixes and the chemical assessment
of the carbonyl and sulfoxide indexes. The results reveal that:

• the mixes and the binders stiffness moduli increase with the ageing duration. The increase
is more pronounced for WMA, probably due to the higher water content used to produce
the foam mixture;

• the ageing increases the characteristic time τ of binders and mixes obtained from the
modified 2S2P1D models;

• the sulfoxides, carbonyl indices and asphaltene content increase gradually upon ageing ;

In the second part, a multiscale model is implemented to predict the l.v.e. of the mixes based
on those of the constituents. It combines a Mori-Tanaka scheme at mastic and mortar scale and
generalized self-consistent scheme at the mixture scale with possible grain-grain contact between
the aggregates. The reliability of the present multi-scale model is appreciate by comparison
with the experimental data. The model predict relatively well the l.v.e. properties of mixes and
mortar even at temperatures higher than 30oC unlike existing, by means of good calibration
of the contact parameters kt, χ and α. These latter can be well calibrated by performing
laboratory experiments in a wide range of temperatures.
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Nomenclature
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HMA: hot mix asphalt
WMA: warm mix asphalt
ρ: density, kg.m−3

d: aggregate diameter, mm
S: specific surface
e: mastic film thickness, µm
f: frequency, Hz
ω: angular frequency, rad.s−1

δ: phase angle, o

G∗: shear modulus, MPa
E∗: stiffness modulus, MPa
E1,E2: real, imaginary part of E∗, MPa
G1,G2: storage, loss shear modulus, MPa
Mt: Torque moment, N.m
aT : shift factor
Tref : reference temperature, oC
T: temperature, oC
R: radius of specimen in DSR, mm
H: thickness of bitumen specimen, mm
C1,C2: coefficients of WLF law
E0,E∞: static, glassy modulus, MPa
δ,β,τ : 2S2P1D parameters

η: Newtonian viscosity of the 2S2P1D parameters
IC: ageing indicator
ν: Poisson’s ratio
k,h: modified 2S2P1D models parameters
kbit,kag: bulk modulus, MPa
ICO,ISO: carbonyl, sulfoxide indexes
ϵ: strain
ϵ: sum of residuals
χ,kt: grain-grain contact parameter
f : volume fraction %
Emod: homogenized stiffness modulus
z0: amplitude of displacement in 2P-PR test m
z: displacement in 2P-PR test m
µ: mass factor in 2P-PR test
γ: specimen form factor in 2P-PR test
F : force in 2P-PR test
m: mass of the movable part of 2P-PR device
M: mass of the prismatic specimen in 2P-PR test
b,L,h: prismatic specimen dimension in 2P-PR test
C: stiffness tensor
J, K: spherical and deviatoric fourth-order projectors
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