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The oxidative aging of bituminous binders affects the performance and durability of pavements. In the case of polymer-modified
binders, aging involves both bitumen and polymers and has a strong impact on the whole architecture of the material. Rheology
may help in understanding these structural changes, and interesting information may be obtained by analysing the evolution of
apparent molecular weight distributions. This was demonstrated with a bituminous binder modified with a poly(styrene-
butadiene) block copolymer and subjected to prolonged artificial aging. Isothermal frequency sweep tests were used to
construct master curves of the phase angle and magnitude of the complex modulus. The master curves were then used to
calculate relaxation spectra and apparent molecular weight distributions of the binders, as well as simulated temperature
sweep tests. A comparison of the behaviour of the base and modified bitumen highlighted the role of the polymer in aging.
Polymer degradation significantly damages the elastomeric network, yet the residual polymer chains still interact with the
bitumen molecules and reduce their oxidative aging. The apparent molecular weight distributions were deconvoluted to create
an aging index specifically developed for polymer-modified bitumen.

1. Introduction

The oxidative aging of bituminous binders has been the sub-
ject of several studies and reviews over the last few decades
[1–4]. Although the mechanism of aging is extremely com-
plex and involves the entire colloidal structure of bitumen,
the main chemical transformations associated with oxida-
tion are the formation of carbonyl compounds (basically
ketones) and sulfoxides [5, 6]. One way to quantify aging
is thus to use chemical indexes based on the infrared analysis
of those functional groups [7–9]. Xu et al. [10] showed the
correlation of infrared-derived indexes with mechanical
properties such as the complex and Young’s modulus. How-
ever, despite its popularity, this technique has several limita-
tions as underlined by Marsac et al. [11] who analysed a
huge amount of spectra and compared four different calcula-

tion methods for the oxidative parameters. The results of the
latter study lead to different conclusions depending on the
method chosen to calculate the aging indexes. Moreover,
the indexes only provide a reliable comparison of the aging
when “used on the same type of initial mixture.”

Alternative analytical techniques include the determina-
tion of the four fractions (saturates, naphthene aromatics,
polar aromatics, and asphaltenes) proposed by Corbett [12]
and use of X-ray diffraction [13] or gel permeation chroma-
tography (GPC) and nuclear magnetic resonance (NMR)
[14]. Another approach is based on performance indexes,
thus evaluating the aging in terms of mechanical and rheo-
logical properties [15].

Although there are many ways to quantify the level of
aging, understanding the mechanism and structural modifica-
tion of the binders is quite difficult. This is particularly true for
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polymer-modified bitumens (PMBs), where the bitumen and
the polymer form a complex interpenetrating network and
are both affected by aging [16]. Therefore, the literature is
mainly focused on the performance [13, 17, 18] or the kinetics
of oxidation [19] rather than the mechanisms [20]. With
regard to the mechanism, Wang et al. [18] studied the aging
kinetic and concluded that the macromolecules gradually
degraded into small molecules, thus reducing the integrity of
the polymeric network. This network degradation has a direct
impact on the overall elasticity and performance of the binder;
however, it is not clear how it influences the internal structure.
Rheology is thus a powerful technique because it establishes a
direct correlation between the structure and properties. This is
well known in the case of polymers—see Ferry [21] which is a
milestone in this field. Rheology has also been increasingly
used in the field of bituminous binders. Today, it is by far
the most commonly used technique for their characterization,
which can be focused on the performance, but also helps in
gaining knowledge regarding the structure and interactions
in complex materials such as bituminous binders. The extrap-
olation of a molecular weight distribution (MWD) from mas-
ter curves of linear viscoelastic functions is an interesting
possibility. The idea of obtaining MWDs using rheological
data stems from polymer science [22, 23] and has been
extended to bituminous binders [24, 25]. Molecules with a
high mobility have a small relaxation time (high-frequency
pattern), while molecules of reduced mobility are correlated
with lower oscillation frequencies (long relaxation time). This
has led to the development of algorithms to calculate an
apparent molecular weight distribution (AMWD). The term
“apparent” takes into account the fact that mobility and relax-
ation times are affected by both the real molecular weight and
the cohesive energy that derives from Van der Waal’s forces
between molecules. In other words, this distribution depends
on the internal interactions and thus on the molecular struc-
ture of the material. The starting dataset can be the master
curve of a linear viscoelastic function, as well as a relaxation
spectrum [26–28]. In contrast, a technique such as GPC,
which evaluates molecular weights in a diluted state, only takes
into account the effective dimension of the molecules and is
blind with respect to their interactions in the bulk.

Apart from the differing advantages of the two
approaches, AMWD intrinsically contains additional infor-
mation on the internal structure and interactions. However,
the absolute values of the AMWD are not reliable which is
particularly true for PMBs, where it can assume values that
are apparently incompatible with its physical meaning [29].
However, the shape of the distribution and its evolution with
aging provide other important information.

The main goal of this work is to analyse this aspect for
PMBs obtained using poly(styrene-butadiene) diblock copoly-
mer (SB) and subjected to prolonged artificial aging. AMWD
was used to quantify the level of interaction between bitumen
and polymers and to define a specific aging index for PMBs.

2. Materials and Methods

The PMB was prepared using a base bitumen 70/100 pene-
tration grade, hereafter referred to as B and kindly provided

by TOTAL. The base bitumen derives from a vacuum refin-
ery process and has a penetration of 82 dmm (UNI EN 1426)
and softening point 50°C (UNI EN 1427). The polymer is
SOLPRENE SB (fromDynasol), a poly(styrene)-b-(butadiene)
di-block copolymer. The PMB was prepared in 350ml, alu-
minium cans. The cans were partially filled with bitumen
and heated to 180°C, and then, 5% polymer (by weight of bitu-
men) and a small quantity (0.1% by weight of bitumen) of sul-
phur (to avoid phase separation) were added gradually while
stirring the system at 5000 rpm using a Silverson L4R for 1h.
The system was then maintained at 180°C for further four
hours under gentle stirring (500 rpm). This blending proce-
dure was the result of extensive preliminary testing taking into
account both the performance and storage stability of the
modified binder.

2.1. Artificial Aging. The binders were long-term aged in a
pressure aging vessel (PAV). The conventional rolling thin
film oven (RTFO) followed by PAV was substituted by a
25-hour PAV of aging as suggested by Lesueur et al. [30].
Extended PAV exposures for 40 and 65 hours were then
conducted in the same operating conditions (100°C and air
pressure of 2:1 ± 0:1MPa). Hereafter, the samples are indi-
cated as B (base bitumen) or SB5 (PMB prepared by adding
5% by weight of SB copolymer) followed by the period of
PAV aging. For example, SB5 25 indicates the PMB after
25 hours of PAV, while B 65 is the unmodified binder after
65 hours of PAV.

2.2. Rheology. Frequency sweep tests were conducted using a
Malvern Kinexus PRO Dynamic Shear Rheometer (DSR).
Data were collected under isothermal conditions from −10
to +70°C for the base binder and from −10 to +110°C for
the PMB. The frequency of small amplitude oscillations var-
ied according to a logarithmic ramping scale from 0.1 to
10Hz (0.63 to 6.3 rad/s). Depending on the temperature
and aging level, parallel plates of 8 and 25mm were used
with gaps of 2 and 1mm, respectively. Master curves of the
phase angle (δ) and magnitude of complex modulus (∣G∗ ∣
) at a reference temperature of 0°C were obtained by apply-
ing the time-temperature superposition principle (TTSP)
[21]. AMWD and continuous relaxation spectra ðHðτ̌ÞÞ
were calculated from the master curves. To calculate the
apparent molecular weight distribution (AMWD), we used
the δ method as proposed by Themeli et al. [31–33]. The
method is based on the idea that oscillation frequencies in
master curves are related to molecular weights. This leads to
a relation between the phase angle and the cumulative molec-
ular weight distribution (CMWD). The master curve of the
phase angle can be transformed into an apparent molecular
weight distribution when a correlation between the reduced
angular frequency (ωr) and the molecular weight MW (strictly
speaking an apparent MW) is available. In other words, the
plot of the master curve of the phase angle as a function of
the reduced frequency is directly converted into an apparent
molecular weight distribution by applying two transforma-
tions. First, the phase angle reported in the y-axis becomes a
cumulative apparent weight molecular weight distribution
(CAWMWD) through a simple normalization:
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CAWMWD= 1
90 δ: ð1Þ

The reduced angular frequency reported in the x-axis
then becomes an apparent molecular weight (AMW) using
the correlation proposed by Cuciniello et al. [34].

log MWð Þ = 3:13 − 0:0591 log ωrð Þ: ð2Þ

Finally, the cumulative distribution is converted into the
more commonly used weight fraction ðwÞ by differentiation
of the CAWMWD with respect to log ðAMWÞ:

w AMWð Þ = d CAWMWDð Þ
d log AMWð Þð Þ : ð3Þ

The δmethod gives a weight distribution and not a molar
distribution. This is why the symbol “w” was used in the pre-
vious equation and the y-axis is labelled as the weight frac-
tion in the AMWD reported in the Results section. To
cover the whole range of molecular weights, the master curve
must be available in a wide interval of reduced frequencies. In
addition, to obtain a smooth distribution from equation (3),
the phase angle master curve must also be a smooth material
function [29]. Thus, the experimentally derived master curve
of the complex modulus was fitted using the 2S2P1D model
[35–38]:

G∗ = Go +
G∞j j − Goj jð Þ

1 + α iωrτð Þ−k + iωrτð Þ−h + iωrβτð Þ−1
, ð4Þ

where G∗ is the complex modulus, ∣G∞ ∣ and ∣G0 ∣ are the
magnitudes of the complex modulus at ωr approaching infin-
ity and zero, respectively, α, τ, β, k, and h are model parame-
ters, and i is the imaginary unit. The expression for the phase
angle is derived from equation (4) by applying the properties
of complex numbers.

The same model is used to calculate the relaxation spec-
trum with the following approximation [39]:

H τ ̌
�
= ± 1

π
Im G∗ 1

τ ̌e±iπ

� �� �
,

�
ð5Þ

where τ ̌ is the relaxation time and Im indicates the imag-
inary part of the quantity written in square brackets,
which is the complex modulus obtained by substituting
for iω, τ̌−1 exp ð±iπÞ, in equation (4).

Multiple stress creep recovery (MSCR) tests were con-
ducted according to AASHTO TP70. The tests were per-
formed at 76°C and consist in 10 creep/recovery cycles
with the application of a low stress (0.1 kPa) followed by
an additional 10 creep/recovery cycles with the application
of a high stress (3.2 kPa).

3. Results and Discussion

Frequency sweep data collected in isothermal tests may be
combined to build master curves by applying the TTSP. This

allows the extrapolation of viscoelastic properties to fre-
quency ranges not accessible experimentally. The applicabil-
ity of the TTSP in the case of unmodified binders is well
accepted and documented [35, 40–42], whereas using the
TTSP for PMBs is still an open issue. Cuciniello et al. [43]
showed that for bitumens modified with high contents of
poly(styrene-butadiene-styrene) block copolymer (SBS),
using the TTSP can be difficult especially in unaged binders
with a high polymer content due to the integrity of the com-
plex structure formed by the polymeric network which is
swollen with bitumen molecules. The polymer has an elasto-
meric behaviour throughout the entire working temperature
range. On the other hand, the bitumen shifts from a Newto-
nian liquid at relatively high temperatures, to a brittle solid
at low temperatures. Therefore, at low temperatures (high
frequencies), the bituminous matrix remains rigid, while at
intermediate temperatures (frequencies), the two compo-
nents cooperate with each other. These differences in the
temperature susceptibility explain the failure of the TTSP
induced by temperature.

Since bituminous binders have a variable composition
and likewise the polymers may have differences in molecular
weight, composition (styrene/butadiene ratio), and architec-
ture, the TTSP’s applicability in PMBs cannot be generalized
and each system must be analysed separately. The Black dia-
gram, i.e., the plot of ∣G∗ ∣ versus δ [17, 42], helps evaluate
this applicability. If the isotherms plotted in the ∣G∗ ∣ −δ
plane form a single and continuous curve, then, the TTSP
is valid; if not, the TTSP is no longer applicable and there
is presumably a modification in the material structure.
Figure 1 shows the Black diagrams of B at the aging levels
investigated.

Figure 1 demonstrates that the TTSP can be applied in
the entire frequency range, irrespective of the degree of
aging. In all cases, the isotherms perfectly merge into a single
smooth curve. The curves tend to converge at low and high
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Figure 1: Black diagrams for the unmodified binder at different
levels of aging.
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temperatures, but the shape of the curves changes with
aging, and differences are well pronounced in the intermedi-
ate temperature range. However, the Black diagrams show
some limits in the applicability of the TTSP in the presence
of the polymer (Figure 2), especially for the unaged binder
(SB5) at high temperatures, where the isotherms are not
superposed. After 25 hours of aging, the Black diagram pre-
sents only a few irregularities and the symptoms of the inap-
plicability of TTSP disappear after long-term aging. These
trends are in accordance with previous observations made
with the SBS copolymer [43].

The differences in the Black diagrams with and without
polymers are highlighted by comparing Figures 1 and 2.
The shape of the Black diagrams suggests that the effect of
the polymeric network becomes significant at phase angles
of around 55–60°, which are reached with isothermal fre-
quency sweeps conducted above 30°C. Above this tempera-
ture, the curves have an inflection point and incongruences
appear. At these temperatures, the bitumen alone would be
a liquid and the polymer an elastomer. Probably, the
increased mobility of the bitumen molecules breaks some
of the physical bonds established with the polymer and leads
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Figure 2: Black diagram of SB5 at different levels of aging.
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Figure 3: SB5 and B at different levels of aging.
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to a molecular rearrangement. The fact that, with aging, this
structural change seems to disappear may indicate a reduced
influence of the polymer on the bitumen structure. This sug-
gests polymer degradation, which is not surprising, since the
unsaturated C=C double bonds make it highly sensitive to
oxidative phenomena [44, 45]. In other words, unsaturated
C=C double bonds along the SB polymer chains are the
weak part of the PMB system in the oxidative mechanisms.
However, the shape of the Black diagrams also indicates that
even at high levels of aging, the behaviour significantly dif-
fers from that of an unmodified bitumen. Therefore, there
is evidence that the polymer still significantly influences
the binder properties. This can be further investigated by
looking at the master curves. Building the master curves
implies the use of the TTSP, and in the case of unaged
SB5, this deserves a clarification. Nevertheless, although a
master curve will not necessarily be smooth, it still helps in
understanding the evolution of the material with aging.
Since the isotherms above 50°C do not superpose
completely, the main difficulty is in the shifting method.
The horizontal shifting factor is defined as

aT = ωr

ω
, ð6Þ

where ω is the angular frequency of individual isothermal
measurements and ωr is the reduced angular frequency. In
the case of bituminous binders, the horizontal shifting fac-
tors are well described by the Williams-Landel-Ferry
(WLF) equation [21]:

log aT T , Trð Þ = −c1 T − Trð Þ
c2 + T − Trð Þ , ð7Þ

where T is the test temperature, Tr is the reference temper-
ature, and C1, C2 are the parameters of the WLF model. The
building of the master curves agreed with equation (7) for all
the binders examined. Figure 3 shows the master curves of
the phase angle for the SB5 binder at different levels of aging.
For comparison, the graph also contains the master curves of
the unmodified binder at the same levels of aging.

These master curves have a “classical” shape. With aging,
the curves shift toward lower reduced frequencies and the
inflection point is observed at higher phase angles. In con-
trast, in the SB5 binders, the elastomeric network causes a
plateau in the viscoelastic zone. The unaged SB5 has an
almost horizontal plateau at a phase angle of about 65
degrees, in the reduced frequency range where the problems
with using the TTSP are clearly visible. After 25 hours of
PAV, the TTSP works well and the plateau is still evident,
though less pronounced. Additional aging leads to a further
reduction in the plateau. Comparing the variations in the
master curves with and without polymer reveals that aging
has a higher impact on the unmodified binder. For example,
the reduced frequency corresponding to a phase angle of
55° changes from 3·10−7 to 10−1 rad·s−1, which is about

Table 1: Glass transition temperatures from the simulated
temperature sweep tests.

Sample Tg (°C)

B −27.2
B 25 −22.2
B 65 −19.3
SB5 −21.7
SB5 25 −19.5
SB5 65 −18.5
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Figure 4: Phase angle as a function of temperature after transformation ω⟶ T , Tr = 0°C and ωtest = 10 rad s−1.
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six orders of magnitude, thus pointing to a strong stiffening
of the binder. In contrast, the master curves with the polymer
have smaller variations even in the high-frequency range
(low temperatures), where the bitumen is assumed to prevail
in determining the rheological properties. Therefore, as
observed in the Black diagrams, there is evidence of polymer
degradation; however, at the same time, the shape of the
curves suggests that the polymer-rich phase has a strong
influence on the binder properties even at very high levels
of aging. In spite of its higher sensitivity to oxidation, the
polymeric network somehow continues to do its job. In addi-
tion, the polymer seems to inhibit the abovementioned shift
in the curves to the left side of the graph. A reduced tendency
to aging of PMB has been previously observed by other
research groups. Tarsi et al. [46] described that the increase
in the complex modulus is lower than with the unmodified
bitumens. Sun et al. [18] hypothesized that there might be a
mutual protection of bitumen and the polymer. These sug-
gest an antiaging effect exerted by the polymer on the bitu-
men molecules. There are three possible explanations: (i)
the binder modified with the polymer has a much higher vis-
cosity, which inhibits oxygen diffusion during artificial aging
in the PAV equipment [47], (ii) the structural rearrange-
ments due to the interactions with the polymer may hide
the functional groups more prone to oxidation, and (iii) the
polymer may have a “sacrificial” role in the mix if its double
bonds preferentially capture the free radicals produced dur-
ing the oxidative aging.

It is interesting that the master curves of B 65 and SB5 65
converge and superpose in the range of low frequencies
(high temperatures). Since the frequency values are not easy
to interpret from a practical point of view, a transformation
to the temperature domain may be helpful. This can be done
using equation (7) and by deriving the temperature as a
function of the reduced frequency at a given test frequency

(10 rad·s−1 in our case), thus obtaining the representation
of a temperature ramp experiment (Figure 4).

All binders except B 65 have very similar phase angles at
temperatures below those at which the plateau appears. In
contrast, 65 hours of PAV is the only aging level where the
unmodified binder merges with the modified one at high
temperatures. This representation confirms the moderate
effect of aging on the modified binder and shows how the
polymer protects the bituminous base from stiffening.
Another interesting indication from the transformation to
the temperature domain is the apparent glass transition tem-
perature (Tg), which is estimated from the maximum in the

loss modulus (G”) master curve (Table 1). Figure 5 shows G”

as a function of temperature for aged and unaged B.
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Figure 5: Loss modulus as a function of temperature after transformation ω⟶ T , as in Figure 4.
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The glass transition temperatures confirm the previous
observations. As expected, Tg increases with aging, due to
the establishment of new intermolecular bonds that limit
the mobility of the binder components. The unmodified
binder undergoes a Tg shift of about 8°C with aging, while
for SB5, the variation is about 3.2°C. This difference can be
due to a lower aging degree of the PMB and/or to the fact that
the binder molecules were already limited in mobility due to
the bonds with the SB network.

Additional help in understanding the aging sensitivity
of bitumen and polymer comes from the δ method.
AMWDs derived from rheological data depend on the
interactions among the molecules of the binder and the
polymer. The AMWD is thus sensitive to aging, even
though the real molecular weight of the molecules does
not change significantly. This is particularly important
when there is a polymer that creates an elastomeric network
able to enclose the bitumen molecules and/or aggregates.
To our knowledge, the derivation of apparent distributions
in polymer-modified binders has only been shown by Jasso
et al. [29], who analysed several binders modified with SBS,
which is the most common polymeric modifier. However,
the results described for SBS are not limited to that for
polymer and can easily be extended to other polymeric
modifiers. Jasso et al. showed that in the intermediate fre-
quency range, the phase angle master curve of PMBs may
show a minimum. In the δ method, this implies the appear-
ance of a negative peak in the AMWD. Of course, this
makes no sense in the classical interpretation of a molecular
weight distribution and this example helps in understand-
ing the real meaning of AMWD. In the case of the master
curves shown in Figure 3, there are no local minima in
the phase angle. The plateau region corresponds to a mini-
mum in the distribution, and the more the plateau
approaches horizontality, the more the weight fractions
tend to become zero. Figure 6 compares the AMWDs
obtained for the same binder with and without polymer

which thus helps to highlight the presence of the polymer
(Figure 6).

The minimum due to the plateau zone is clearly visible at
apparent molecular weights between 3000 and 8000 g·mol−1

for the SB5 binder. The polymeric network establishes sec-
ondary bonds with the bitumen molecules and reduces their
mobility thus changing the temperature at which they have a
liquid behaviour. The δ method interprets this reduced
mobility as an increase in high-apparent molecular weight
fractions. The PMB structure is composed of polymer-rich
and asphaltene-rich domains that may have different mor-
phologies, depending on the degree of polymer-bitumen
compatibility and intermolecular interactions [16]. The peak
on the right-hand side of the graph is due to the polymer-
rich phase. The intensity and position of this peak are an
indicator of the interactions between polymer and bitumen.
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Unlike what happens at high MW, the AMWDs with and
without polymer are almost superimposable at low MW.
This indicates that the smallest and the least polar bitumen
molecules do not interact significantly with the polymer or
at least not enough to shift their relaxation time.

In light of this premise, we can compare the evolution of
the AMWD with aging for the two binders. Figure 7 shows
the three distributions for the unmodified binder. The
curves change significantly due to aging. There is a shift
toward higher molecular weights of the right part of the dis-
tribution and a much smaller shift on the left side. There-
fore, the overall effect is a substantial increase in the
dispersion index (DI):

DI = AMw

AMn
, ð8Þ

where AMn is the apparent number-average molecular
weight and AMw is the apparent weight-average molecular
weight. These two average values are derived from the
apparent molecular weight distributions after discretization
into a finite number of intervals:

AMn =
1

∑ wi/AMið Þ ,

AMw =〠wiAMi,
ð9Þ

where the subscript i refers to the discretization interval.
This widening of the distribution leads to a better separa-
tion of the peaks. The intensity of the low MW peak
diminishes, in favour of higher MW. Since the oxidation
does not impact considerably on the real dimension of
the molecules, but affects their polarity, the observed vari-
ations are thus likely to be mainly due to aggregation of
the molecules.

Figure 8 is similar to Figure 7 and shows the AMWDs
for the PMBs. The evolution of the distributions with aging
is completely different from what was observed for the
unmodified binder. Aging changes the distributions more
in a vertical direction than in the horizontal one. The curves
do not show significant shifts toward a higher molecular
weight. The peak at high MW increases in intensity but does
not move to higher MW, though it may move a little bit
toward the left side of the graph. Moreover, the low MW
peak seems to remain almost unperturbed by aging.
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Table 2: Average apparent molecular weight, dispersion index, and corresponding aging indexes for B and SB5 at different levels of aging.

Sample AMw AIMw AMn AIMn DI AIDI
B 1362 1.00 1227 1.00 1.11 1.00

B 25 1836 1.35 1588 1.29 1.16 1.04

B 65 2910 2.14 2356 1.92 1.24 1.11

SB5 2124 1.00 1706 1.00 1.25 1.00

SB5 25 2427 1.14 1943 1.14 1.25 1.00

SB5 65 2416 1.14 1946 1.14 1.24 1.00
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Table 2 reports a few data extrapolated from these
AMWDs, together with the corresponding aging indexes
defined as follows:

AIMn =
AMn,a
AMn,u

, ð10Þ

AIMw = AMw,a
AMw,u

, ð11Þ

AIDI =
DIa
DIu

, ð12Þ

where the subscripts “a” and “u” refer to aged and unaged,
respectively.

What is qualitatively described in Figures 7 and 8 is
quantified in Table 2. The “horizontal” shift of the AMWD
of the unmodified binder leads to notable variations in the
average molecular weights and thus in the corresponding
aging indexes. In contrast, the “vertical” shift of the PMB
gives barely noticeable variations in the same parameters.
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Figure 10: Jnr (a) and R (b) @3.2 kPa. AASHTO M 332 traffic designation: S: standard (Jnr max = 4:5 kPa−1); H: heavy ðJnr max = 2 kPa−1Þ;
V: very heavy (Jnr max = 1 kPa−1); E: extremely heavy (Jnr max = 0:5 kPa−1).
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The aging indexes defined in equations (10)–(12) are thus
not appropriate for the modified binder. This highlights that
the choice of aging indexes must take into account the kind
of binder and the specific properties to be evaluated. There
has been a recent debate on this issue [48–51].

How can these distributions be interpreted in terms of
aging and the internal structure of the binder? On the one
hand, there is clear evidence that the polymer undergoes
degradation, since the viscoelastic plateau in the phase angle
master curve almost disappears with aging. On the other hand,
SB5 is still different from B, even at high levels of aging. There-
fore, the polymer is still present and able to influence the over-
all mechanical properties. This is also confirmed by the MSCR
test. Figure 9 reports the variation in the measured strain as a
function of time for the ten cycles conducted at the higher
stress (3.2 kPa). In the case of the base binder, the lower the
aging time, the higher the accumulated final strain, as the
effect of aging is very pronounced. This confirms the harden-
ing effect of the oxidative reactions occurring during aging.
SB5 shows a similar trend; however, the accumulated final
strain at unaged conditions is six times lower than B, as typi-
cally observed in a PMB.

The variation in the final strain with aging depends on
both the contributions of polymer and bitumen phases at
the testing temperature. The mechanism could be explained
by considering the nonrecoverable compliance (Jnr) and the
percentage recovery (R). The first is related to the binder
resistance to accumulating permanent deformation and is
considered as an indicator of the bitumen hardening. The
percentage recovery gives information on the polymer
degradation and is representative of the quality of the mod-
ification and integrity of the polymer network [52–54].
Figure 10 reports Jnr and R at a stress level of 3.2 kPa. The
binder B shows a significant variation in Jnr. This sample
has a standard traffic designation under unaged conditions

but becomes very heavy after 25 and 40 h of aging, and
extremely heavy after 65 h. In contrast, SB5 unaged shows a
Jnr around 1.0 kPa−1 which is the limit between heavy and
very heavy as traffic designation and remains with the same
designation even after 65 h of aging.

In the case of unmodified bitumen, R increases with aging
due to the bitumen hardening, which leads to a reduction in
the creep portion of the strain. In contrast, SB5 has a higher
unaged value (53.3%), which decreases due to polymer net-
work degradation (23.5% after 40h of aging) thus indicating
that the PMB response is controlled by the polymeric phase.
However, after 65h of aging, there is an inversion and the R
value increases. The polymeric chain has already achieved a
high level of degradation and the binder response is now con-
trolled by the hardened bituminous matrix.

This is in line with the hypothesized sacrificial degrada-
tion of the polymer that protects the bitumen molecules. If
this degradation mainly consists of chain breaking, the effect
is a consistent reduction in the average molecular weight of
the chains. This leads to a weakening of the elastomeric
network, which probably splits into smaller clusters with
reduced elasticity but is still able to interact with the bitumi-
nous molecules. Therefore, although the elastomeric proper-
ties of the binder are reduced considerably by the chain
degradation, the mobility of the bitumen molecules does
not change much. For this reason, the appearance of new
polar groups due to oxidation is partially hidden in the
AMWD by the higher degree of aggregation still induced
by the polymer. The overall effect is a depletion of the elas-
tomeric behaviour, without significant gains in internal
motion. The AMWD curve thus evolves “vertically” instead
of horizontally in the presence of the polymer. For the same
reason, the relaxation spectrum is highly sensitive to aging
for the B binder, but only moderately for SB5 (Figure 11).
Its use in characterizing aging therefore remains useful for
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Figure 11: Relaxation spectra for the two binders at different levels of aging.
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unmodified binders [26, 55–57] but seems inadequate for
the PMBs.

For an appropriate aging index for the PMB, the relative
quantity of the low- and high-molecular weight parts of the
distribution can be helpful. The two areas can be easily cal-
culated with a deconvolution procedure. In this case, the
use of five Gaussian peaks gives a good fit of the AMWD
(Figure 12). The low (PL) and high (PH) molecular weight
populations can then be obtained as

PL =
A1 + A2 + A3

Atot
, ð13Þ

PH = A4 + A5
Atot

, ð14Þ

where A is the area of the peak and tot indicates the area of
the whole AMWD. The results are reported in Table 3,
together with an aging index defined as

AI1 =
PH/PLð Þa
PH/PLð Þu

: ð15Þ

Equations (13) and (14) were used because the deconvo-
lution peaks associate the PH and PL values with the mole-
cules that belong or not to the polymeric network,
respectively. Of course, other criteria can be adopted, for
example, by dividing the distribution into two zones. In this
case, the apparent distribution corresponding to the local
minimum would probably be the most appropriate value
to cut the distribution in two (left and right) subsections.
This would give slightly different numerical values, without
affecting the above-reported considerations.

Moreover, equations (13) and (14) are limited to those
cases where the high-molecular weight peaks are clearly
detectable. This means that the equations must be consid-
ered as being specifically formulated for the AMWD where
the two peaks derive from the plateau zone, which is always

well visible in the rheological characterization. In contrast,
due to the use of solvents, in a GPC distribution, the poly-
meric network is no longer present and the method is not
applicable.

4. Conclusion

Studying the rheological properties of bituminous binders is
an effective way to characterize the evolution of the perfor-
mance of the binders as a consequence of artificial aging.
In the case of polymer-modified binders, both the bitumen
and the polymer are subject to oxidation and the overall
behaviour is the result of a complex mechanism where the
two contributions are not easily distinguishable.

However, a comparison of the variation of the phase
angle master curve with aging in the two binder types pro-
vides insights into this mechanism. In the case of the SB
copolymer, it seems that the polymer slows down the aging
of the binder, through a sort of sacrificial effect. The higher
sensitivity of SB to oxidation derives from its high content
of unsaturated carbon-carbon double bonds, whose presence
may induce chain breaking. Even a small number of breaks
considerably reduces the average molecular weight and
strongly influences the polymeric network. This leads to a
substantial alteration in the horizontal plateau which is only
clear in the master curve of the unaged PMB. In other words,
the PMB master curves corresponding to different levels of

Table 3: Data for SB5 at different levels of aging.

Sample PL PH PH/PL AI1
Area (%) Area (%)

SB5 66.8 33.2 0.50 1.00

SB5 25 64.0 36.0 0.56 1.13

SB5 65 60.8 39.2 0.64 1.30
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Figure 12: Deconvolution in five Gaussian peaks of the AMWD for SB5 binder.
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aging have considerable differences in the shape but remain
quite close on the oscillation frequency axis.

In contrast, the unmodified binder basically maintains
the shape of the master curves but shows an increase in stiff-
ness, highlighted by a marked shift in the reduced frequency
axis. This means that, although reduced in length, in the
PMBs, the polymer macromolecules maintain their chemical
structure and thus the ability to interact with some bitumen
molecules.

These interactions are responsible for a scarce reactivity
with oxygen and explain the small shift in the reduced fre-
quency with aging. Moreover, the interactions between the
polymer chains and bitumen molecules strongly limit the
mobility of the latter. This effect can be noticed when a
frequency-molecular weight transformation is applied,
which determines the apparent molecular weight distribu-
tion. Since this distribution is highly sensitive to the relaxa-
tion frequencies of the molecules and aggregates, it clearly
shows the interactions between the binder and the polymer
and its shape may change considerably even if the oxidation
does not significantly alter the real molecular weight. For
this reason, the apparent molecular weight distribution rep-
resents an interesting means to quantify the effect of aging
specifically in the case of polymer-modified binders.
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