Construction and Building Materials 497 (2025) 143936

Contents lists available at ScienceDirect

Construction
and Building

MATERIALS

Construction and Building Materials

journal homepage: www.elsevier.com/locate/conbuildmat

ELSEVIER

Analysis of the chemical, rheological, performance and durability
properties of highly polymer-modified bitumen produced at large scale

Sara Carlucci, Lorenzo Paolo Ingrassia ©, Simona Sabbatini, Andrea Graziani @,
Francesco Canestrari

Universita Politecnica delle Marche, Via Brecce Bianche, Ancona 60131, Italy

ARTICLE INFO ABSTRACT

Keywords: New styrene polymers with high vinyl content in polybutadiene have been recently introduced for bitumen
Pavement modification. These polymers can potentially ensure higher resistance to oxidation, heat and UV radiation and
Asphalt

better compatibility with bitumen compared to conventional SBS (styrene-butadiene-styrene) polymers. There-
fore, the polymer content in bitumen can be increased (currently up to 9 %) to produce the so-called highly
polymer-modified bitumen (HPMB). Among the limited studies available, most of them investigate laboratory-
prepared HPMBs, which may not be representative of large-scale production. Conversely, the studies investi-
gating HPMBs produced at an industrial scale often lack detailed binder composition data, limiting the inter-
pretability and generalizability of the results. To address these limitations, the objective of this study is to
characterize the chemical, rheological, performance and durability properties of an HPMB currently under
development for use in Italian motorway pavements (“HPMB_A") and compare this binder with a reference PMB
and two commercially available HPMBs. PMB and HPMB_A were produced at large scale using the same base
binder and following the same procedure. These four binders were subjected to an extensive laboratory char-
acterization. The results indicate that the HPMBs behave like a “rubber” modified with bitumen rather than a
modified bitumen, which leads to significantly improved performance and aging resistance. However, the ad-
hesive properties of HPMBs can be lower than PMB because of the volumetric predominance of the polymer over
the bitumen. Moreover, due to the complexity of these binders, common tests and performance criteria adopted
for conventional bitumen may not be fully adequate for HPMBs.

Polymer modification

Styrene polymer

Vinyl group

Highly modified asphalt (HiMA)
Polymer-modified bitumen (PMB)

1. Introduction avoid the phase inversion between bitumen and polymer [1-3].

However, PMBs present some drawbacks, including storage stability

In recent decades, to cope with the continuous increase in traffic
volumes and loads and to adapt road pavements to more aggressive
weather conditions, polymer-modified bitumen (PMB) has been
increasingly used in pavements instead of neat bitumen [1]. To date, the
most widely used polymers for modifying bitumen are the SBS (styr-
ene-butadiene-styrene) polymers. They consist of discontinuous poly-
styrene domains, which provide stiffness, linked by polybutadiene
chains, which provide elasticity. No chemical reaction occurs between
bitumen and SBS polymer, meaning that only a physical blending takes
place [1,2]. In this reversible process, the polystyrene domains absorb
the light components of bitumen (maltenes), causing the polymer to
swell (up to 9 times its initial volume) and thus stiffening the binder.
Therefore, the SBS content is typically limited to 3-4 % by weight to

* Corresponding author.

issues. In fact, at typical storage temperatures, polymer and bitumen
tend to separate, with the polymer migrating upwards. In addition, SBS
PMBs have relatively poor resistance to heat, oxidation, and UV radia-
tion due to the presence of highly reactive C—=C double bonds in the
main chain of polybutadiene [1].

To address the above limitations, new styrene polymers with high
vinyl content in the polybutadiene have been recently introduced.
Thanks to a different polymerization process of butadiene, in these
polymers the highly reactive C=C double bonds of polybutadiene are
located in the side chains instead of the main chain. This structural
change potentially reduces the exposure to degradation factors like
oxidation, heat, and UV radiation (the main polymer chain remains
intact) [4,5]. Additionally, for the same molecular weight, the polymer
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chains are shorter, possibly improving compatibility with bitumen and
reducing the viscosity of the modified binder [4,6]. The compatibility
can be further enhanced by the high reactivity of the high-vinyl poly-
mers, which promotes also some chemical reactions between polymer
and bitumen (grafting) [4]. Therefore, styrene polymers with high vinyl
content enable a higher polymer dosage in bitumen. At present, 9 % is
generally considered a maximum feasible value from both technical and
economic perspectives [7]. The final product obtained in this way is
commonly referred to in the literature as highly polymer-modified bitumen
(HPMB) or highly modified asphalt (HiMA).

The limited studies available in the literature confirm that HPMBs
can generally offer improved performance, better storage stability, and
higher resistance to aging and oxidation with respect to conventional
PMBs. Islam et al. [8] and Kumar et al. [9] compared four types of
styrene polymers. These studies confirmed that diblock styrene poly-
mers with high vinyl content are characterized by lower molecular
weight with respect to conventional SBS polymers, thus leading to a
modified binder with lower viscosity. Singh et al. [10] studied six
polymers to evaluate the influence of physical structure and chemical
composition on the thermal stability of binders modified with different
polymer contents. They found that high-vinyl polymers exhibited
significantly better storage stability and lower thermal degradation than
the other polymers, even after prolonged storage at 180 °C. Habbouche
et al. [11] studied four binders, considering two base bitumens and two
types of styrene polymers, i.e., one for the traditional PMB modification
and one high-vinyl polymer for HPMB modification. They found that, for
the same base bitumen, HPMBs had a much wider useful temperature
interval and greater aging resistance compared to PMBs. Rivera et al.
[12] compared one PMB and one HPMB provided by the Florida
Department of Transportation. Even in this case, the HPMB was char-
acterized by a wider useful temperature interval compared to the PMB,
along with reduced time- and temperature-dependence. Elwardany et al.
[13] investigated two PMBs and four HPMBs provided by four different
suppliers located in Florida and Virginia. It was found that, compared to
the PMBs, the HPMBs were characterized by lower stiffness modulus and
higher phase angle (more viscous response) at intermediate and high
frequencies (i.e., intermediate and low temperatures) as well as higher
stiffness modulus and lower phase angle (more elastic response) at low
frequencies (i.e., high temperatures), potentially improving the perfor-
mance against rutting, fatigue and thermal cracking. Multiple Stress
Creep and Recovery (MSCR) data confirmed an elastic recovery of about
100 % for the HPMBs at high temperatures. Even in this study, the
HPMBs exhibited greater aging resistance than the PMBs.

However, in most of the above studies [8-11], the HPMBs were
prepared in the laboratory, which may not be sufficiently representative
of actual large-scale production. Instead, in the studies that examine
HPMBs produced at an industrial scale [12,13], the binder composition
(i.e., base bitumen, polymer type and dosage) is typically undisclosed,
which complicates the interpretation and generalization of the results
obtained.

The analysis of the literature highlights that few data are currently
available, which need to be confirmed or disproved to fully understand
the potential and drawbacks of HPMBs, as these are relatively new
materials. In addition, there is a lack of data on HPMBs produced at large
scale with known composition. To address these limitations, the objec-
tive of this study is to characterize the chemical, rheological, perfor-
mance and durability properties of an HPMB currently under
development for use in Italian motorway pavements (“HPMB_A") and to
compare this binder with a reference PMB and two HPMBs available on
the market. PMB and HPMB_A were produced at large scale using the
same base binder and following the same procedure. These binders were
subjected to an extensive laboratory characterization.
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2. Materials and methods
2.1. Materials
Four binders were investigated in this study:

o Areference bitumen modified with 3.8 % of SBS polymers, routinely
used in asphalt mixtures for Italian motorway pavements, coded as
“PMB”.

e A highly modified bitumen with 7.5 % of styrene polymers under
development, coded as “HPMB_A”.

e A highly modified bitumen with styrene polymers, produced in
Northern Europe and available on the market, coded as “HPMB_O".

e A highly modified bitumen with styrene polymers, produced in
Southern Europe and available on the market, coded as “HPMB_V”.

To produce the reference PMB, a 70/100 base bitumen and a radial
SBS polymer with a styrene content of 31 % were used. HPMB_A was
produced with the same base bitumen (70/100) plus styrene polymers
with a high vinyl content (> 35 %) and a styrene content between 30 %
and 34 %. The adoption of a 7.5 % polymer content for HPMB_A was
based on several practical considerations, including the polymer man-
ufacturer’s recommendations, comparisons with existing commercial
products and literature studies, as well as the need to limit material
costs. The large-scale production process followed for HPMB_A was the
same as for PMB. Instead, for HPMB_O and HPMB_V, the base bitumen as
well as the type and exact dosage of polymers are not declared by the
respective producers. The empirical properties of the binders measured
in the laboratory are shown in Table 1. For HPMB_A, the storage stability
was evaluated at the asphalt plant after its production, yielding satis-
factory results (0.5 °C difference in the softening point between the top
and bottom parts after the tube test).

2.2. Experimental program

The experimental program involved short-term and long-term aging
of the binders, chemical analysis, rheological tests and adhesion tests.
The chemical analysis was based on Fourier Transform Infrared Spec-
troscopy (FTIR) and aimed at investigating the chemical fingerprint of
the binders, their aging susceptibility and the possible polymer degra-
dation. The viscosity, linear viscoelastic behaviour, fatigue perfor-
mance, permanent deformation resistance and adhesion properties of
the binders were evaluated through Brookfield viscometer tests, Fre-
quency Sweep (FS) tests, Linear Amplitude Sweep (LAS) tests, MSCR
tests and Binder Bond Strength (BBS) tests, respectively. The Perfor-
mance Grade (PG) of the binders was also determined based on the re-
sults of Dynamic Shear Rheometer (DSR) tests and Bending Beam
Rheometer (BBR) tests. For all tests, three replicates were performed,
except for the BBS test, for which at least five replicates were carried out.
Table 2 summarises the experimental program.

2.3. Test methods

2.3.1. Aging protocols

Short-term aging was simulated through the Rolling Thin Film Oven
Test (RTFOT) equipment at the standard temperature of 163 °C for
75 min [14]. Long-term aging was simulated through the Pressure Aging
Vessel (PAV). Specifically, binders already aged with the RTFOT were
subjected to a pressure of 2.1 MPa at 100 °C for 20 h, according to EN

Table 1
Empirical properties of the binders.
Property PMB HPMB_A HPMB_O HPMB_V
Penetration at 25 °C (0.1 mm) 32 31 53 61

Softening point by Ring and Ball (°C)  74.8 75.2 87.3 79.7
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Table 2

Experimental program.
Aging Level FTIR Viscosity ES BBR LAS MSCR BBS
Unaged X X X X X
Short-term aged X X X X
Long-term aged X X X X

14769 [15].

Hereafter, the suffixes “UN” (unaged), “ST” (short-term aged) and
“LT” (long-term aged) are added to the binder codes (Section 2.1) to
denote the aging condition.

2.3.2. Fourier Transform Infrared spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy was performed in
transmission mode (i.e., the infrared light passed through the specimen)
at room temperature. Measurements were taken in the wavenumber
range between 500 and 4000 cm ™!, with a spectral resolution of 4 cm™!.
Each spectrum was acquired from a single specimen after 16 scans. To
prepare the specimens, a small amount of binder was dissolved in
chloroform (CHCls), and the resulting solution was applied to sodium
chloride (NaCl) plates. Once the solvent evaporated, a thin binder film
was obtained and subjected to the analysis. For each binder and aging
condition, an average spectrum was determined. The average spectra
were then analysed using an integration method that allowed to identify
the areas under the most relevant peaks through a tangential approach
[16].

2.3.3. Viscosity tests

The viscosity was determined at four temperatures (115, 135, 160
and 180 °C) using a Brookfield viscometer [17]. For each temperature,
viscosity was measured at five different shear rate values. The viscosity
value considered for further analysis corresponds to a torque close to
50 % of the instrument capacity.

2.3.4. Frequency sweep tests

Frequency sweep tests were carried out using a DSR with 8 mm
(2 mm gap) and 25 mm (1 mm gap) parallel plate configurations, ac-
cording to EN 14770 [18]. The investigated temperature range was from
4 °C to 88 °C, with a 6 °C step. Nine frequencies were analysed at each
test temperature, considering the range from 0.159 Hz to 15.9 Hz with a
fixed logarithmic frequency increase. A shear strain of 0.1 % was applied
in all cases, ensuring that all materials were tested within the linear
viscoelastic domain.

The frequency sweep tests provided the complex modulus, i.e., the
complex modulus norm |G*| and the phase angle 5. The data obtained at
different temperatures and frequencies were used to develop the master
curves at the reference temperature of 34 °C. The shift factors were
calculated using the closed from t-T-P Shifting (CFS) algorithm [19], and
the thermo-dependence of the shift factors was modelled using the
Williams, Landel and Ferry (WLF) equation [20].

The shifted experimental data were fitted using the modified CAM
(Christensen-Anderson-Marasteanu) model [21] characterized by the
following general formulation:

G, -G,
[+ g™

|G| =G+ (€Y

where f* is the reduced frequency; G. and G, are the rubbery modulus
(f’ = 0) and glassy modulus (f — o), respectively; f, is the crossover
frequency, i.e., the frequency at which the storage modulus (G’ = |G*
cosd) is equal to the loss modulus (G’ = |G*|-sing); k and m, are
dimensionless shape parameters. The rheological indices R and R’ were
also determined, representing the distance between G, and |G*(f)|
and the distance between G, and |G*(f.)|, respectively (f. is the
reduced frequency at which the asymptotes G, and m, intercept) [21].
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For the modelling, G, was estimated from the experimental data
(Black diagram), and f, was determined as the reduced frequency cor-
responding to § = 45° (at which G’ = G”"). The parameters G, k and m,
were optimized by minimizing the error between the model and the
shifted experimental data in terms of log|G*| (with G, > 10° MPa [22]).
R, f'. and R’ were finally calculated (the latter two only for the binders
with G, # 0).

2.3.5. Bending beam rheometer tests

BBR tests were performed in accordance with EN 14771 [23] to
evaluate the stiffness and creep properties of the binders at low tem-
peratures. The tests were carried out at constant temperature by
applying a constant load of 980 mN for 240 s, during which the load and
the deflection at the centre of the specimen (beam with 6.4 mm thick-
ness, 12.7 mm width, 127 mm length) were monitored. The behaviour
of the material was then evaluated by considering the flexural creep
stiffness and the m-value (i.e., the absolute value of the slope of the
logarithm of the stiffness vs. the logarithm of time, representative of the
material’s ability to relax the applied stress) obtained at t=60s
(denoted as Sgp and mgy, respectively).

The four binders were tested at different temperatures. Specifically,
the reference bitumen (PMB) was tested at -6 °C and —-12 °C, HPMB_A at
-12°C and -18 °C, HPMB_O and HPMB_V at -12 °C, -18 °C and -24 °C.

2.3.6. Performance Grade determination

The PG of the binders was determined based on DSR data (high-
temperature and intermediate-temperature behaviour) and BBR data
(low-temperature behaviour), in accordance with AASHTO M 320 [24].
Using the PG classification system, the maximum Ty, and minimum
Tmin admissible service temperatures were determined for all binders.

In addition to the PG, the continuous PG was also determined, i.e.,
the actual Tpgy and Ty, temperatures at which the high-temperature
and low-temperature criteria are met (regardless of the 6 °C classes re-
ported in the standard AASHTO M 320 [24]).

Moreover, in addition to the classical verification of the SHRP fatigue
parameter (|G*|-siné < 5000 kPa) at the temperature Tfyigue = (Trmax +
Tmin)/2 + 4 °C, an additional fatigue verification was carried out by
considering the Glover-Rowe Parameter GRP = |G*|e (cos5)?/sins
(which should be lower than 5000 kPa). In fact, according to a recent
study [25], this parameter better correlates with the fatigue behaviour
of the asphalt mixture than the |G*|-sind parameter. GRP was calculated
for the long-term aged binders from the DSR data at 1.59 Hz and a
temperature Tgrp defined as a function of the binder Tpn.

2.3.7. Linear amplitude sweep tests

LAS tests were carried out using the DSR with the 8 mm parallel plate
configuration (2 mm gap), according to AASHTO T 391 [26], at 20 °C
(typical intermediate service temperature in warm climates).

The test included an initial frequency sweep phase to evaluate the
undamaged binder properties, and an amplitude sweep phase to eval-
uate the damaged properties. In the first phase, a constant sinusoidal
shear strain of 0.1 % was applied and the viscoelastic properties (norm
of complex modulus and phase angle) were measured at 12 frequencies
(between 0.2 Hz and 30 Hz). In the second phase, the frequency was
fixed at 10 Hz, whereas the shear strain amplitude was increased from
0.1 % to 30 % in 31 steps (each one with a duration of 10 s). During this
phase, the values of peak shear stress, peak shear strain, norm of com-
plex modulus and phase angle were recorded. After the test, the spec-
imen was observed to determine whether the failure was cohesive
(required failure) or adhesive (undesired failure).

The results were analysed according to the Viscoelastic Continuum
Damage (VECD) theory, as indicated in AASHTO T 391 [26]. The rela-
tionship between the loss modulus |G*|-sin § and the damage accumu-
lation parameter S (defined in Eq. 2) was derived. This relationship,
known as the damage characteristic curve, describes the integrity of the
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binder (C) as a function of the damage level and can be fitted with the
power law provided in Eq. 3.

N a
S=" [#lpr o (1G] osindi 1 — '] @ sing;) |77 o (& — & 1)Ts @
i=1

i

where i is the i-th measurement point; N is the total number of mea-
surement points; Ip is the value of |G*| at the beginning of the interval in
which the strain value is 1 % (MPa); yo is the strain applied at the i-th
step (%); t is the test time (s); @ expresses the damage growth rate and is
derived from the initial frequency sweep phase.

C=|G'|esins = Cy—Ciye(S) 3)
where Co is the average value of |G*|esin § obtained from the interval in
which y = 0.1 % (with the material still intact); C+» and C:12 are the co-
efficients derived from the fitting.

The fatigue curve of the binder was then determined as follows:

Ny= Aspe(y)” &)

where Ny is the fatigue life; y is the shear strain amplitude; Ass and B are
parameters that quantify the fatigue life for a strain amplitude of 1 %
and the strain sensitivity of the binder, respectively. To calculate the
parameter Ags, a value of S at failure corresponding to a 35 % reduction
of Cp was considered according to AASHTO T 391 [26].

2.3.8. Multiple stress creep and recovery tests

MSCR tests were performed using the DSR with the 25 mm parallel
plate configuration (1 mm gap), in accordance with AASHTO T 350
[27], at a typical high service temperature of 70 °C.

The test consisted in the application of 30 load cycles, each one
characterized by a creep phase (with a duration of 1 s) followed by a
recovery phase (with a duration of 9 s). The first 20 cycles involved the
application of a stress level of 0.1 kPa, whereas a stress level of 3.2 kPa
was applied in the last 10 cycles. The non-recoverable creep compliance
(Jnr) and the percent strain recovery (R) were then determined by
considering only the last 20 cycles, i.e., 10 cycles at 0.1 kPa and 10
cycles at 3.2 kPa.

2.3.9. Binder bond strength tests

BBS tests were conducted in accordance with AASHTO T 361 [28] to
assess the adhesive/cohesive properties and moisture susceptibility of
different binder-aggregate systems.

Using a modified Pneumatic Adhesion Tensile Testing Instrument
(PATTI), an increasing pulling force was applied to a small binder
sample adhering onto the aggregate substrate through a pull-stub, until
failure occurred. The pull-off tensile strength (POTS) of the system was
then calculated and the type of failure (cohesive, adhesive or hybrid)
was determined by observing where the failure occurred, i.e., within the
binder (cohesive, C), at the binder/substrate interface (adhesive, A) or as
a combination of both (hybrid, C/A). The pull-stubs used had an external
diameter of 12.7 mm, an internal diameter of 12.5 mm (i.e., diameter of
the binder-aggregate contact area), and a 0.3 mm thick edge (i.e.,
thickness of the binder sample). The specimens were prepared by
applying 0.08 g of binder onto the head of the pull-stub. The pull-stub
was then placed in an oven for approximately 10 min at 160 °C for
PMB and HPMB_A, 170 °C for HPMB_O and 180 °C for HPMB_V. Two
types of aggregate substrates (limestone and basalt) and two aggregate
conditions (virgin/uncoated and pre-coated with SBS polymer modified
bitumen) were investigated. The pre-coated condition simulated
reclaimed asphalt (RA) aggregates [29]. The bituminous film present on
the coated aggregates was aged in accordance with AASHTO R 30 [30],
i.e., by considering an oven aging at 135 °C for 4 h and then at 85 °C for
120 h. Moreover, two types of specimen conditioning were studied, i.e.,
dry (24 h at 25 °C) and wet (24 h in water at 40 °C followed by 1 h in air
at 25 °C).
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3. Results and analysis
3.1. FTIR spectra

3.1.1. General observations

The average spectra of the four binders in unaged and long-term aged
conditions are shown in Fig. 1a and 1b, respectively. The peaks of in-
terest are highlighted in Fig. 1 and reported in Table 3.

The peaks at wavenumbers 966 em ! and 699 cm ™Y, corresponding
to the bending of the trans C—=C bond in polybutadiene and the bending
of the C-H bond in polystyrene respectively, confirm the presence of
styrene polymers in the reference bitumen PMB as well as in the three
HPMBs. Instead, the peak at 908 cm ™, which is observed only for the
three HPMBs, corresponds to the bending of the vinyl C=C bond in
polybutadiene resulting from the 1,2-addition polymerisation process
[11].

3.1.2. Estimation of the polymer content

The polymer content in the four binders was estimated using Eq. (5)
[31], which derives from a calibration curve and considers the height of
the peaks at 699 cm ! (Hgg9) and 1376 cm! (Hi3z6):

0.000251 e (Heog/Hi376)

0, =
¥oP 0.05759

)

Fig. 2 confirms the polymer contents for PMB and HPMB_A (about
3.5 % and 7.5 %, respectively) and indicates a polymer content around
7.5 % for HPMB_O, even higher for HPMB_V. It should be noted that, for
HPMB_V, the increase in the polymer content with aging observed in
Fig. 2 may also be a consequence of the non-representativeness and/or
heterogeneity of the material recovered after RTFOT and PAV, which
emerged also from the rheological tests (see Section 3.3).

3.1.3. Aging susceptibility
To assess the aging susceptibility of the binders, the peaks at
1030 cm™ and 1700 cm™ , associated with the stretching of S=O bonds

and C=O0 bonds respectively, were considered. Specifically, two indices
(Isp and I¢p) were derived based on the calculation of the areas corre-
sponding to the peaks of interest (A;93p and Aj7pp). In order to minimise
the differences between different specimens, the above areas were
normalised to the sum of the areas of the aliphatic groups at
1460 cm™ and 1376 cm™ (A1460 + A1376), corresponding to the bending
of the CHy and CHjs bonds, respectively. These aliphatic groups are
normally not affected by oxidation [32]. The expressions of the Isp and
I¢o indices are given in Eqs. (6) and (7):

A1030

o= 100
5o Ai376 + A1460

(6)

A1700

Ieco=7——"""7"
Ai376 + Ar40

7

Fig. 3a shows the evolution of the Isp index for the four binders at the
three aging levels. As regards the formation of S—O bonds, PMB is more
sensitive to aging as compared to the HPMBs, both in the short and in the
long term. Among the HPMBs, HPMB _O is less susceptible to short-term
aging but highly susceptible to long-term aging. In contrast, HPMB_A
and HPMB_V are more sensitive to short-term aging than HPMB_O, but
no new S—O bonds are formed after long-term aging.

Fig. 3b depicts the values of the I¢o index. This index is null in
unaged and short-term aged conditions (short-term aging with RTFOT
does not lead to the formation of C=0 bonds). PMB is more affected by
long-term aging as compared to the HPMBs also in terms of C—0 bond
formation. Among the HPMBs, HPMB_A is the binder most susceptible to
the formation of C=0 compounds, followed by HPMB_V and finally
HPMB_O.

To further explore this aspect and directly compare the aging sus-
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Fig. 1. FTIR spectra of (a) unaged binders, (b) long-term aged binders.

Table 3
Peaks of interest in the FTIR spectra.

Wavenumber [ecm™'] Vibration Area
699 Bending of C-H bond (polystyrene) Asgg
908 Bending of vinyl C—C bond (polybutadiene) Aoos
966 Bending of trans C—C bond (polybutadiene) Ages
1030 Stretching of S=O bond (sulfoxides) A1030
1376 Bending of CH3 bonds Ai3ze
1460 Bending of CH; bonds A1460
1700 Stretching of C=0 bond (carbonyl groups) A1700

14.0
BPMB HPMB_A
=HPMB_O mHPMB_V
12.0
10.0
)
=
el
£ 8.0
]
g
>
o 6.0
o
4.0
2.0
0.0

Fig. 2. Estimated polymer content.

ceptibility of the binders, the following aging index (Alprr) can be
considered [33]:

(Ico + I50) ggea

Alprir =
e (I co +Iso ) unaged

(3

From Fig. 3c, it can be observed that, during short-term aging, the
HPMBs tend to oxidise slightly less than the reference bitumen PMB
(especially HPMB_O). On the other hand, HPMB _O is strongly affected
by long-term aging, which leads to an aging index Alrrr even higher
than that observed for the reference bitumen PMB under these

conditions. Conversely, HPMB_A and HPMB_V are much less affected by
long-term aging than PMB (especially HPMB_V).

The comparison between HPMB_A and PMB in terms of Alrrg, both
presenting the same base bitumen but differing in polymer type and
content, reveals that using 7.5 % of styrene polymers with a high vinyl
content (HPMB_A) significantly reduces the aging susceptibility as
compared to the reference bitumen PMB. This effect stems partly from
the higher polymer content and partly from the polymer structure,
confirming the benefits of having the chemically reactive C=C double
bonds of polybutadiene in the side chains (as in high-vinyl polymers)
rather than in the main chain (as in radial SBS polymers).

Moreover, based on the aging behaviour observed for HPMB_O and
HPMB_V, it can be hypothesized that HPMB_V contains polymers similar
to those in HPMB_A, whereas the polymers in HPMB_O are likely
different (e.g., in terms of structure), given the pronounced long-term
aging susceptibility of this binder.

3.1.4. Polymer degradation

Following some literature suggestions [11,34,35], other synthetic
indices were also derived to assess the possible polymer degradation
within the binders. Specifically, four polymer indices were calculated, i.
e., Plopg (Eq. 9 and Fig. 4a) and Plggg/699 (Eq. 10 and Fig. 4b) for the
HPMBs, Plges (Eq. 11 and Fig. 4c) and Ploes 699 (Eq. 12 and Fig. 4d) for
all binders. The definition of these indices is based on the fact that
polybutadiene (characteristic peaks at 966 and 908 cm™) typically de-
grades faster than polystyrene (characteristic peaks at 699 cm™) due to
oxidation.

Agos
Plgpg = ———— 9
% ™ Argre + Avaso
A
Plggg/699 = 20:99 (10)
Ages
Plygg = ——— an
%00 Ai376 + A1460
A
Plgss /699 = 266 12)
699

From Fig. 4, it can be observed that none of these indices shows a
clear decrease with the increase of the aging level for the binders
HPMB_A and HPMB_V. Conversely, all indices decrease with aging in the
case of HPMB_O. The indices Plgss and Ploss 699 also tend to decrease
with aging for the reference bitumen PMB. Therefore, these results
suggest that PMB and HPMB_O undergo more severe polymer
degradation.
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3.2. Viscosity

Fig. 5 shows the viscosity of the unaged binders (logarithmic scale) at
different temperatures. In the figure, the error bars represent the stan-
dard deviation. In general, the HPMBs tend to be more viscous than the
reference bitumen except for HPMB_A, which exhibits comparable or
even lower viscosity with respect to PMB despite its high polymer con-
tent. Considering that the base bitumen is the same for PMB and
HPMB_A, this behaviour can be attributed to the fact that the molecular
weight of the styrene polymers with high vinyl content used in HPMB_A
is lower than that of the radial SBS polymers used in PMB [4,6,8,9].
From the comparison between HPMB_O and HPMB_V, it is observed that
HPMB_O tends to be more viscous than HPMB_V at lower temperatures
(115 °C), whereas the opposite occurs at high temperatures (160 °C and
180 °C), which denotes a lower temperature-dependence for HPMB_V.

The results obtained suggest that PMB and HPMB_A may have similar
workability at typical mixing, transport, laying and compaction tem-
peratures, whereas HPMB_O and HPMB_V may have reduced work-
ability as compared to the reference bitumen. This applies to both hot
(T = 170 °C) and warm (T = 130 °C) production of the asphalt mixture.
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Moreover, the tests highlighted that the hypothesis of Newtonian
behaviour is valid for all binders (viscosity does not depend on the shear
rate).

3.3. Complex modulus

Fig. 6 shows the Black diagram of the unaged, short-term aged and
long-term aged binders, i.e., the raw rheological data plotted on the
plane of complex modulus norm (y axis) vs. phase angle (x axis). From
this figure, it can be observed that the binders behave differently from
each other. In general, the HPMBs exhibit a more complex rheological
behaviour as compared to the reference bitumen PMB. This is especially
evident for HPMB_A and HPMB_V.

Fig. 7 shows the master curves of the complex modulus norm
(experimental data and corresponding modified CAM models) for the
binders at all aging levels, determined at the reference temperature of 34
°C. From Fig. 7a, it can be noted that the HPMBs tend to have higher
stiffness at low reduced frequencies (i.e., high temperatures) and lower
stiffness at high reduced frequencies (i.e., low temperatures) as
compared to the reference bitumen PMB, indicating that the
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modification with ad hoc styrene polymers produces the desired effects.

For HPMB_V, and to a lesser extent for HPMB_A, the shifted data
tends to form a bump’ at medium-low reduced frequencies and, as a
result, the modified CAM model does not fit the measured data well
(Fig. 7a). This behaviour could be due to the fact that, at these fre-
quencies, the properties of the polymer become dominant over the
properties of the base bitumen [11]. HPMB_O, instead, exhibits the
rubbery asymptote at low reduced frequencies, which is slightly
detectable also for PMB (Fig. 7a).

The effect of aging is more evident for the reference bitumen PMB
than for the HPMBs. In fact, as shown in Fig. 7b and ¢, PMB is the stiffest
binder in both short- and long-term aging conditions, and its hinted
rubbery asymptote in unaged conditions already disappears after short-
term aging. Figs. 7b and 7c also show a progressive loss of the rubbery
asymptote with aging for HPMB_O. These results are attributable to the
degradation of the polymers contained in PMB and HPMB_O, which
emerged also from the FTIR tests (Fig. 4). Instead, for HPMB_V and
HPMB _A, the bump’ at medium-low frequencies in the master curve of
the complex modulus norm is still observable after aging. However, it
should be underlined that, for HPMB_V, some repeatability issues

emerged after long-term aging, probably due to the non-
representativeness and/or heterogeneity of the material recovered
after RTFOT and PAV (as also discussed in Section 3.1). Therefore, it was
not possible to derive the master curve for this binder in long-term aged
conditions.

Fig. 8 compares the phase angle master curves of the binders at all
aging levels. In unaged conditions (Fig. 8a), HPMB_A and HPMB_V show
a completely different behaviour as compared to the other binders. In
fact, for these two binders, the phase angle master curves show an in-
verse "N" shape and values tending towards 90° at low reduced fre-
quencies (predominantly viscous response). This behaviour, which is
more evident for HPMB_V, is directly related to the "bump’ observed in
the complex modulus master curves in Fig. 7a and is likely due to the
dominance of the polymer’s behaviour at medium-low reduced fre-
quencies [11]. On the other hand, HPMB_O is characterized by a phase
angle reduction at low reduced frequencies (also observed for PMB),
which leads to a more elastic response with respect to the other binders.
At the same time, at high reduced frequencies, HPMB_O shows a higher
phase angle compared to the other binders, indicating a more viscous
response (desired effects of polymer modification).
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For PMB, an evident increase in the phase angle at low reduced
frequencies is observed after short-term aging (Fig. 8b), which could be
indicative of the significant degradation of the SBS radial polymer after
the exposure to high temperatures (confirming the FTIR results in Fig. 4c
and d). After long-term aging, the downward shift in phase angle reflects
the elasticity increase due to the bitumen stiffening (Fig. 8c). For
HPMB_O, aging causes a progressive increase in the phase angle at low
reduced frequencies. This behaviour, coupled with the loss of the
rubbery asymptote in the complex modulus master curve (Fig. 7), is
ascribable to the polymer degradation (evidenced by the FTIR results in
Fig. 4), which leads to a more viscous response of the material after
aging. On the contrary, HPMB_A exhibits a phase angle reduction with
aging, which is the typical effect observed for unmodified bitumen,
denoting the polymer preservation (in agreement with the FTIR results
in Fig. 4) and a more elastic behaviour after aging. Finally, for HPMB_V,
short-term aging induces a slight decrease in the phase angle over a wide
range of reduced frequencies (long-term aged data not available).

Therefore, the rheological data (as well as the chemical data, see
Section 3.1) seem to support the hypothesis that the polymers used in
HPMB_A and HPMB_V are similar, whereas those used in HPMB_O are
substantially different. Moreover, the rheological behaviour of HPMB_O
appears closer to that of the reference bitumen PMB, especially in
unaged conditions.

The values of the modified CAM model parameters and the C; and C,
parameters of the WLF equation, obtained by fitting the shift factors
calculated with the CFS algorithm, are given in Table 4. For HPMB_O in
all aging conditions and for PMB in unaged conditions, which exhibit the
rubbery asymptote (G, # 0), Table 4 also shows the values of the G, f’.
and R’ parameters of the modified CAM model. It should also be recalled
that, because of the complex rheological behaviour of HPMB_A and
HPMB_V, the CAM model does not fit the experimental data well for
these materials (see Fig. 7). Consequently, for HPMB_A and HPMB_V, the
values of the parameters derived from the modelling cannot be consid-
ered as fully representative of the material behaviour.

As regards the effect of aging, it can be observed that for all binders
(except HPMB_V) there is a progressive decrease in the crossover fre-
quency f. as the aging level increases, indicating a greater elastic
response of the material after aging. Similarly, the WLF parameters C;
and C, exhibit generally increasing values as the aging level increases,
suggesting a reduction in molecular mobility with aging [36,37]. The

Construction and Building Materials 497 (2025) 143936

rheological index R, instead, generally tends to increase with the aging
degree for all binders, contrary to expectations (for traditional bitumen,
aging typically results in a reduction of R, which denotes a faster tran-
sition from predominantly elastic to predominantly viscous behaviour).
For HPMB_O, it can be observed that the rubbery modulus G, decreases
as the aging degree increases as a consequence of progressive polymer
deterioration. Additionally, the frequency f’. tends to decrease with
aging (like f,), as does the rheological index R’.

3.4. Low-temperature behaviour

Fig. 9 shows the BBR results obtained on the long-term aged binders,
i.e., the average values of S (Figure 9a) and mgy (Fig. 9b). In the figure,
the error bars represent the standard deviation. Fig. 9a shows that,
considering the same binder, Sgp (which is representative of the material
stiffness) increases as the test temperature decreases (expected result).
At the same temperature, the HPMBs are characterised by much lower
stiffness values compared to PMB. Specifically, at 12 °C, HPMB_A and
HPMB_O exhibit a 51 % and 43 % reduction in stiffness, respectively,
compared to the reference bitumen PMB.

Fig. 9b shows that, for a given binder, mgy (which indicates the
ability of the material to relax the applied stress) decreases as the tem-
perature decreases. At the same temperature, the HPMBs exhibit much
higher mgp values than the reference bitumen. Specifically, at -12 °C,
HPMB_A and HPMB_O exhibit 180 % and 200 % increases in mgg values,
respectively, compared to the reference bitumen PMB.

For HPMB_V, it was not possible to obtain Sgy and mgg at -12 °C and
—-18 °C because the specimen deflection exceeded 4 mm. At -24 °C, a
very low Sgp value (Fig. 9a) and a relatively high mgy value (Fig. 9b)
were obtained. These results are consistent with those obtained from the
frequency sweep tests, which showed that the stiffness of HPMB_V is
significantly lower than the other binders at high reduced frequencies
(Fig. 7).

Therefore, the HPMBs exhibit better performance at low tempera-
tures compared to the reference bitumen PMB.

3.5. Performance Grade

The temperatures Tpg and Tpin, of the PG and continuous PG are
reported in Table 5. The PG results indicate that, when comparing the
two binders HPMB_A and PMB (which have the same base bitumen), the
use of 7.5 % high-vinyl styrene polymers allows HPMB_A to fall into a
higher Tpq class (82 °C for HPMB_A vs. 76 °C for PMB). For HPMB_V,
exceptionally high performance against permanent deformation is
observed, as the verification criteria are met even at 88 °C, indicating
that Ty is higher than 88 °C. Finally, HPMB_O has a Ty;qx comparable
to that of PMB. Specifically, for HPMB_O, the critical condition is after
short-term aging.

In terms of Ty, for HPMB_A (Tpi, = —22 °C), there is an improve-
ment of two PG classes with respect to PMB (T, = —10 °C) thanks to the
use of 7.5 % high-vinyl styrene polymers. For HPMB_O, produced in
Northern Europe, the low-temperature performance is even better (Tpin
= -28 °C). Finally, for HPMB_V, it was not possible to accurately
determine Ty, due to its significant deformability at low temperatures
(see Section 3.4), which leads to Ty, < -34 °C.

The continuous PG confirms that, in general, the HPMBs have a
higher Ty, compared to the reference bitumen (except for HPMB_O,
which has the same Ty, as PMB). At low temperatures, the effect of the
high polymer modification is even more evident, as all HPMBs are
characterised by a much lower actual T, compared to the reference
bitumen.

Table 5 also reports the outcomes of the fatigue verifications based
on the |G*|esins and GRP parameters. The fatigue verification based on
the first criterion (|G*|esin < 5000 kPa at Tusigue) is satisfied for all
binders, thus confirming the PG of the binders (76-10 for PMB, 82-22
for HPMB_A, 76-28 for HPMB_O). Regarding the second criterion (GRP
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Fig. 6. Black diagram: (a) unaged binders, (b) short-term aged binders, (c) long-term aged binders.

< 5000 kPa at Tggp), the verification is largely satisfied for HPMB_A and
HPMB_O. Conversely, for PMB, the verification criterion is not met (GRP
= 5594 kPa), contrary to what observed from the verification based on
the |G*|esins parameter.

3.6. Fatigue behaviour

Fig. 10 shows the LAS results for the long-term aged binders, as this
condition is normally considered as the most critical for the fatigue
performance and similar considerations can be made also for the short-
term aged binders. Moreover, Table 6 summarises the values of the
damage characteristic curve (C;; and Cj2) and fatigue curve (Azs and B)
parameters for all binders (short- and long-term aging conditions). It
should be emphasized that, for HPMB_V, no reliable results were ob-
tained, as a systematic detachment of the specimen from the DSR plates
was observed. This experimental observation indicates that, in the case
of HPMB_V, the weak point of the system was the interface between the
specimen and the DSR plates, whereas the specimen itself remained
almost intact during the test. Therefore, the results obtained for this
binder in terms of stress-strain curve and damage characteristic curve

are shown in Fig. 10 only for completeness.

Specifically, Fig. 10 shows the stress-strain curve (Fig. 10a), the
damage characteristic curve (i.e., the evolution of the material integrity
as a function of the damage level, Fig. 10b) and the fatigue curve (i.e.,
the number of cycles to failure as a function of the applied strain,
Fig. 10c). Fig. 10a highlights that the HPMBs show a different stress-
strain behaviour with respect to the reference bitumen PMB. Specif-
ically, the curves of the HPMBs show a continuously increasing trend
with no apparent peak up to the maximum applied strain of 30 % (in
contrast to what is observed for PMB). This result is consistent with the
literature [7,38]. A clear difference between PMB and HPMBs can be
observed also in terms of damage characteristic curve (Fig. 10b), which
indicates that the reference bitumen accumulates more damage during
the test (consistently with the specimen failure corresponding to the
peak of the stress-strain curve). Furthermore, because of the higher
stiffness of PMB (see Fig. 7), its curve is shifted upwards compared to
HPMB_A and HPMB_V. Instead, despite having lower stiffness than PMB,
the HPMB_O curve partially overlaps with that of the reference bitumen
PMB. When considering the fatigue curves (Fig. 10c), a significant
improvement can be observed for the HPMBs compared to the reference
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bitumen PMB. In particular, the HPMBs show a lower slope of the fatigue
curve (parameter B in Table 6), resulting in a significantly higher
number of cycles to failure at high strain values (range of interest).

A more detailed comparison between the materials can be made by
considering the Nf@15 % parameter given in Table 6, which represents
the number of cycles to failure corresponding to a strain level of 15 %.
According to Chen et al. [39], this strain level can be considered
representative of the fatigue life of an asphalt binder, because it provides
results that are much more consistent with mixture fatigue performance
and engineering judgement with respect to those obtained at lower
strain levels. The values in Table 6 suggest that the HPMBs have a better
fatigue behaviour than the reference bitumen PMB, with a significantly
higher Nf@15 % value both after short-term aging (+600-700 %) and
after long-term aging (4200-400 %). Among the HPMBs, HPMB_A
performs better in both aging conditions.

As a result of aging, the parameter B increases for all binders
(Table 6). Consequently, the long-term aged binders withstand fewer
loading cycles compared to the short-term aged binders at medium-high
strain levels, as expressed by the Ny@15 % values in Table 6. The

10

increase of the parameter B indicates a greater sensitivity of the material
to the applied strain level [40-43] and is more pronounced for the
reference bitumen PMB as compared to the HPMBs.

3.7. Permanent deformation behaviour

The values of R3 2 and Jyr, 3.2 obtained at the stress level of 3.2 kPa are
shown in Fig. 11, as they are considered more significant than the results
obtained at 0.1 kPa given the typical high recovery capability of HPMBs
[7]. In the figure, the error bars represent the standard deviation.

Fig. 11a shows that the HPMBs generally have higher elastic recov-
ery than the reference bitumen in both aging conditions (unaged and
short-term aged). In addition, the elastic recovery tends to be higher
under short-term aged conditions than under unaged conditions (a
typical result for traditional bitumen due to the stiffening of the mate-
rial). The strain recovery for HPMB_O is almost 100 % under both aging
conditions. In unaged conditions, the elastic recovery of PMB and
HPMB_A is similar, whereas HPMB_V shows an intermediate elastic re-
covery between PMB/HPMB_A and HPMB_O. After short-term aging, the
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Table 4
Modified CAM and WLF parameters.
Aging level Binder Gg [MPa] G, [MPa] k me fe [Hz] fc [Hz] R R’ C; Cs
Unaged PMB 10° 100 0,13 1,00 409 50107° 2,23 0162 11 112
HPMB_A 10° \ 0,11 0,96 66 \ 2,68 \ 13 130
HPMB_O 11e10° 350 0,09 0,99 2856 9e107° 3,10 0069 9 102
HPMB_V 10° \ 0,06 1,08 0,0032 \ 5,49 \ 10 119
Short-term aged PMB 10° \ 0,10 1,03 1,59 3,03 \ 14 133
HPMB_A 10° \ 0,09 0,96 0,16 \ 3,17 \ 11 117
HPMB_O 15010° 210 0,09 0,95 1336 1e10°° 3,23 0065 13 141
HPMB_V 10° \ 0,05 0,97 0,0022 \ 5,11 \ 13 144
Long-term aged PMB 10° \ 0,09 0,99 0,04 3,38 \ 17 151
HPMB_A 10° \ 0,08 1,03 0,05 \ 3,91 \ 14 130
HPMB_O 710° 200 0,08 0,95 107 1e10°° 3,29 0053 13 130

11
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Binder PG Continuous PG |G*|esiné verification GRP verification
Tmax Tmin Tmax Tmin Tatigue |G*|esiné Tgrp GRP
[°C] [°C] [°C] [°C] [°C] [kPa] [°C] [kpa]
PMB 76 -10 80,8 —16 < Tpin < —10 37 1085 29 5594
HPMB_A 82 —22 86,3 —26,2 34 354 25 2065
HPMB_O 76 —28 80,8 -31,3 28 684 22 1247
HPMB_V \ \ Trax > 88 Tmin < —34 \ \ \ \

same material ranking is observed in terms of R3 5: HPMB_O > HPMB_V
> HPMB_A > PMB.

The Jyr, 3.2 values shown in Fig. 11b confirm that PMB is more prone
to accumulate permanent deformation in both aging conditions (fol-
lowed by HPMB_A and HPMB_V). As expected, for these binders, aging
causes a reduction of Jy3 . HPMB_O, instead, exhibits Jy,3 2 values close
to zero in both aging conditions.

Fig. 11c shows the traffic categories according to AASHTO M 332
[44] based on the Jy, 32 and Jy, g parameters (Jur, g7 is the percentage
difference between Jy. 3.2 and Jur,0.7). HPMB_O shows the best perma-
nent deformation resistance and falls into the highest category
(Extremely Heavy Traffic, E). As for HPMB_A and PMB (with the same
base bitumen), the presence of 7.5 % of styrene polymers with a high
vinyl content allows HPMB_A to be classified in the Very Heavy Traffic
category (V), whereas PMB is classified in the Heavy Traffic category
(H). In the case of HPMB_V, it was not possible to define a traffic cate-
gory because the value of the Jy, g parameter exceeds the maximum
limit set by the standard [44], which is 75 % (the value of Jyr3 2 would
place this binder in the Extremely Heavy Traffic category (E)).

The improved high-temperature performance observed for the
HPMBs compared to the reference bitumen PMB is mainly attributable
to their higher polymer content, which leads the material to behave like
a "rubber" modified with bitumen (limited accumulation of permanent
deformations) rather than a modified bitumen.

It should also be emphasized that the classification of the binders
based on MSCR data is not consistent with that based on the conven-
tional SHRP rutting parameter (|G*|/sing). This is particularly evident
for HPMB_O, for which the MSCR data indicate the highest traffic
category (E), whereas the verification of the |G*|/siné parameter implies
a Trax similar to that of the reference bitumen PMB (see Table 5). This
result suggests that, for complex binders such as those under study, the
determination of the PG based on traditional SHRP criteria may not be
reliable, as it does not reflect the actual performance of the material.
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3.8. Adhesive properties

Fig. 12 shows the average POTS values and failure types for all the
studied combinations considering the limestone substrate (Fig. 12a), the
basalt substrate (Fig. 12b), the pre-coated limestone substrate (Fig. 12c)
and the pre-coated basalt substrate (Fig. 12d). For each combination, the
error bars represent the standard deviation.

In general, for all substrates, the average POTS values of the HPMBs
are lower compared to PMB, which shows significantly higher POTS
values and cohesive failures (C) in both dry and wet conditions. Failure
is mainly cohesive (C) for HPMB_O, adhesive (A) for HPMB_A, and un-
desired (U) and/or adhesive (A) for HPMB_V. In particular, the latter
showed problems of adhesion with the metal pull-stubs, leading to un-
desired (U) failures at the binder/pull-stub interface, analogously to
what observed in the LAS tests carried out with the DSR (detachment of
the specimen from the DSR plates).

The results obtained indicate that HPMB_A has lower adhesive
properties compared to PMB, probably due to the volumetric predomi-
nance of the polymer over the bitumen (it can be hypothesized that the
adhesive properties mainly depend on the bituminous phase). Therefore,
this aspect needs to be paid attention to, as it could have repercussions
on the durability and mechanical behaviour of mixtures produced with
HPMB_A. HPMB_O shows cohesive failures with significantly lower
POTS values compared to PMB, in line with the lower stiffness observed
from the rheological tests (see Fig. 7). For HPMB_V, numerous de-
tachments occurred between pull-stub and binder, but the POTS values
are similar to those of the other binders. This finding indicates that the
adhesion between pull-stub and binder is the weak point of the system,
whereas the adhesion between binder and aggregate is certainly higher
than the POTS value obtained. Moreover, in general, wet conditioning
does not have a significantly negative effect on POTS and failure type. In
fact, if HPMB_V is excluded (for which numerous undesired failures were
observed), a t-test reveals that the difference between dry and wet
conditions is not statistically significant in 9 cases out of 12. The only
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Table 6

LAS parameters: C;1, Ci2, Ass, B, N{@15 %.
Aging level Binder Cq1 Ci2 Ass B Nr@15 %
Short-term PMB 0,105 0,275 3,45E+ 10 6,81 359

aged HPMBA 0,148 0,250 3,82E+10 6,05 2893
HPMBO 0,065 0,353 3,21E+09 5,20 2478
Long-term aged PMB 0,125 0,242 1,43E+ 12 8,10 340

HPMBA 0,165 0,228
HPMBO 0,068 0,338

8,70E+ 10 6,56 1696
3,83E+09 5,58 1045

exceptions are the binder PMB with pre-coated limestone and the binder
HPMB_O with both virgin and pre-coated limestone.

For all studied combinations, there are no substantial differences in
terms of POTS between basalt and limestone substrates, regardless of the
aggregate condition (virgin or pre-coated) and the specimen condi-
tioning (dry or wet). The only exception is represented by the reference
bitumen PMB with pre-coated aggregates under wet conditions. In this
case, the POTS in the presence of pre-coated basalt is 26 % lower than in
the presence of pre-coated limestone. These findings indicate that the
analysed HPMBs show comparable affinity with calcareous and siliceous
aggregates, which may be attributed to the volumetric predominance of
the polymer over the bitumen. Conversely, in the reference bitumen
PMB the bituminous phase remains the predominant one, resulting in
lower chemical affinity with basalt (typical behaviour of traditional
bitumen).

Finally, for the HPMBs, no significant differences emerge when
comparing virgin and pre-coated substrates, indicating the applicability
of these binders both in virgin mixtures and in recycled mixtures.

4. Conclusions

This study characterized the chemical, rheological, performance and
durability properties of an HPMB currently under development for use
in Italian motorway pavements (“HPMB_A”) and compared this binder
with a reference PMB and other two HPMBs available on the market
(“HPMB_O” and “HPMB_V”). PMB and HPMB_A were produced at large
scale using the same base binder and following the same procedure.

The main findings of the study can be summarized as follows:

o The FTIR tests revealed peaks at 699 and 966 cm™ (characteristic of
styrene polymers) for all binders, whereas HPMBs also exhibited a
peak at 908 cm™ , associated with high-vinyl polybutadiene.

e The viscosity tests suggested that PMB and HPMB_A have compara-
ble workability for both hot (T ~ 170 °C) and warm (T =~ 130 °C)
productions, mainly due to the common base bitumen and the use of
low molecular weight polymers in HPMB_A.

e HPMBs exhibit a more complex rheological behaviour than PMB.
HPMB_A and HPMB_V show a ’bump’ in the master curve of the
complex modulus norm at medium-low frequencies, corresponding
to an inverse "N" shape in the phase angle master curve, possibly due
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Fig. 11. MSCR results at 70 °C and 3.2 kPa: (a) percent strain recovery, (b) non-recoverable creep compliance, (c) classification of the binders according to AASHTO
M 332 [44].

to the dominance of the polymer’s behaviour over the bitumen
behaviour. HPMB_O behaves more similarly to PMB, with a rubbery
asymptote at low frequencies.

The PG and continuous PG indicate that HPMBs outperform PMB,
leading to an extended useful temperature interval (e.g., PG 82-22
for HPMB_A vs. PG 76-10 for PMB).

The LAS tests revealed that the fatigue resistance of HPMBs is
significantly higher than that of PMB, both after short-term aging
(+600-700 %) and long-term aging (+200-400 %).

The MSCR tests demonstrated that HPMBs exhibit an extremely high
elastic recovery capability and very low deformability at high service
temperatures.

The superior performance of HPMBs is mainly attributable to their
higher polymer content, which makes the material behave like a
“rubber” modified with bitumen rather than a modified bitumen,
reducing thermo- and time-dependence.

The BBS tests revealed that HPMBs generally exhibit lower adhesive
properties compared to PMB likely due to the volumetric predomi-
nance of the polymer over the bitumen, which might impact mixture
performance and durability.
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e The chemical and mechanical tests highlighted that HPMBs broadly
exhibit lower aging susceptibility than PMB, which is attributable to
the presence of highly reactive C—=C double bonds of polybutadiene
in the side chains instead of the main chain. Conversely, HPMB_O
exhibits a polymer degradation comparable to PMB.

e The binder classification based on MSCR tests and Glover-Rowe
parameter was not entirely consistent with that based on SHRP
rutting and fatigue parameters (|G*|/siné and |G*|-sing). For com-
plex binders like HPMBs, conventional tests and performance criteria
may not adequately reflect material performance.

In conclusion, the study of the binder phase shows that the perfor-
mance of the binder under development (HPMB_A) is better than that of
PMB (routinely used in asphalt mixtures for Italian motorway pave-
ments). The results are also very promising when compared to other
HPMBs already available on the market. Further insights will be possible
following the evaluation of the mechanical behaviour of asphalt mix-
tures produced with the binders investigated in this study (already
ongoing).
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