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Abstract. Polymer additives are widely used to improve the performances of road bitumen and mixtures
including their oxidative resistance. However, their effect on the oxidative mechanism remains unclear. This
study includes the investigation of the changes in the rheological response of Polymer Modified Bitumen
(PMBs) prepared with the Styrene Butadiene Styrene (SBS) copolymer and Sulphur as cross-linker. The
bitumen samples were aged in the Rolling Thin Film Oven (RTFO) and in multiple cycles of Pressure
Aging Vessel (PAV). The rheological properties were measured by means of the Multiple Stress Creep and
Recovery (MSCR) test. Results show that in the case of cross-linked SBS modified bitumen the polymer
phase mitigates the effect of hardening of the bitumen phase on the rheological response as a function of the
polymer concentration. Adversely, in the SBS modified bitumen without cross-linker, the effect of the

polymer vanishes after the RTFO.

1 Introduction

Polymer additives are widely used to enhance the
properties of road bitumen and mixtures [1-5]. Their
usage improves the mechanical response of asphalt
mixtures including their durability. Besides the
enhancement of the mechanical properties, polymer
modified bitumen (PMBs) are expected to be stable at
storage and ageing resistant [4]. However, if the
oxidative mechanism of unmodified bitumen is relatively
clear, in the case of PMBs the effect of polymers on the
bitumen oxidative ageing needs to be investigated [4-6].
In the case of unmodified bitumen, the oxygen uptake
causes an increase in the polar fractions (i.e.,
asphaltenes) characterized by stronger molecular
interactions and a reduced molecular mobility. This
mechanism results macroscopically in a reduced strain
tolerance of the bitumen with the mixture being more
prone to crack at intermediate and low temperatures [8-
10]. In the case of PMBs, a unique ageing mechanism
cannot be identified due to the variability in the
composition of polymer additives and to the complexity
of their interactions with the bitumen phase [2, 3].
However, the study of ageing in PMBs is not recent and
some general conclusions can be drawn for specific
polymer additives. In the case of Styrene-Butadiene-
Styrene (SBS) modified bitumen, the polymer phase
undergoes thermo-oxidative degradation displaying
chain scission and cross-linking. On the other hand, the
bitumen phase seems to harden as observed in
unmodified bitumen. The polymer degradation appears
to mitigate the hardening of the bitumen inducing a more
viscous effect on the mechanical response [7, 11-19].
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However, the majority of the studies lack details on
the constitution of PMBs with solely the polymer type
and concentration being available. For instance,
information on the usage of cross-linking agents are not
provided. Furthermore, the rheological characterization
of aged PMBs is generally conducted in the linear
viscoelastic region at very low strain levels. The
limitations of the linear viscoelastic characterization of
PMBs have been discussed in details by several authors
[20, 21-23, 27, 28]. One of the main concerns is that the
reduced strain level applied is not sufficient to determine
the stress dependency of polymers because the polymer
network is not sufficiently elongated [23]. Therefore, the
effect of the thermo-oxidative degradation of the
polymer chains on the mechanical response of PMBs
needs to be investigated at higher strain levels.
Nevertheless, this approach has not been well considered
so far [6, 26].

The Multiple Stress Creep and Recovery (MSCR)
test was specifically developed for polymer modified
bitumen to apply stress (and strain) levels capable of
mobilizing the polymer chains to account for the stress
dependency and the non-linearity in the response of
PMBs [23, 24].

This paper aims at investigating the effects of
artificial ageing on different SBS modified bitumen
prepared by varying the presence of Sulphur as a cross-
linking agent. Multiple levels of laboratory-simulated
ageing are applied to the different SBS modified
bitumen, which are characterized in the non-linear
viscoelastic range by the MSCR test. The values of the
non-recoverable compliance (Jnr) and on the average
percent recovery (R), measured at a stress level of 3.2
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kPa have been considered as rheological indicators of the
bitumen hardening and of the polymer degradation.
Specifically, the Jur is representative of the overall
resistance to the accumulation of permanent deformation
of the system bitumen + polymer. Differently, the
average percent recovery (R) is considered an indicator
of the quality of modification and of the integrity of the
polymer network through ageing [6, 24, 25].

2 Materials and test methods

2.1 Materials

Six types of bitumen were prepared by combining one
base bitumen (Penetration grade — Pen 70/100) with a
radial SBS copolymer (polystyrene content 29-31%),
and sulphur (S) used as a cross-linker. The bitumen types
are given in Table 1.

Table 1. Bitumen used in the experiment.

Concentration, | Mixing | Mixing
Bitumen Base % Temp., time,
SBS | Sulphur °C min
Pen 70-
100 (Pen) ) ) ) ) )
Pen/S 0 0.1
SBS 2/S 2 0.1
SBS 4/S | Pen 70- 4 0.1
SBS 4 100 4 0 180 180
SBS 6/S 6 0.1
SBS 6 6 0

Note: SBS 2/S (2%SBS + 0.1% sulphur); SBS 4/S (4%SBS + 0.1%
sulphur); SBS 6/S (6% SBS + 0.1% sulphur) SBS 4 (4%SBS no sulphur);
SBS (6%SBS no sulphur).

The SBS modified bitumens were prepared by using
a Silverson® high shear laboratory mixer. In the case of
SBS bitumens with sulphur, the bitumen was heated to
180°C and the SBS polymer was added to the mix that
was subsequently blended at high shear (5,000 RPM) for
1 hour. Afterwards, 0.1% of sulphur by weight of the
modified bitumen was added to the mix and the rotations
were reduced approximately to 2,800 RPM for two
additional hours. For the SBS modified bitumens without
sulphur, the same process was followed with the only
difference that sulphur was not used. In the case of the
sulphur additivated bitumen (Pen/S), the same process
was followed with the difference that after 1 hour only
0.1% of sulphur by weight was added to the bitumen.

2.2 Laboratory simulated ageing

The bitumens were laboratory short-term aged in the
Rolling Thin Film Oven (RTFO) and long-term aged in
the Pressure Ageing Vessel (PAV) by following the
AASHTO R28. Besides the traditional PAV exposure of
20 hours, additional cycles of PAV were used (i.e., 40
hours — 2 PAV; 80 hours — 4 PAV).

2.3 Multiple stress creep and recovery (MSCR)

The MSCR was conducted at two stress levels (i.e., 0.1
kPa and 3.2 kPa) as per the AASHTO T 350. At each
stress level, 10 creep and recovery cycles were applied.
The values of Jur and R were calculated at each loading
cycle and then averaged at each stress level.

The non-recoverable compliance (Jur) at the n-cycle
was calculated using Equation (1).

& &0
Jpr(kPa™t) = (1)
To
Where:
e & isthe strain value at the end of the recovery

phase;

e £ is the initial strain value at the beginning of
the creep portion;

e To is the value of the stress level used in the
loading cycle.

The percent recovery (R) at the n-cycle was
calculated using Equation (2).

R™(%) £ — &
0) = —V——— 2
el —¢ef @)
Where:
e £ is the strain value at the end of the creep

portion.

The results incorporated in this paper refer to the
stress level of 3.2 kPa since at such a stress level the
polymer chains should start showing slippage in the test
[23]. The MSCR testing temperatures (Table 2) were
selected as the temperature at which the parameter
G*/sin 8 measured on the RTFO residue is equal to 2.20
kPa (defined as the Continuous Grade High
Temperature).

Table 2. MSCR test temperatures.

Bitumen MSCR Temperature, °C
Pen 64
Pen/S 64
SBS 2/S 70
SBS 4/S 75
SBS 4 75
SBS 6/S 87
SBS 6 87

The MSCR test is conducted at the high PG
temperature on the RTFO residue only since rutting is
observed to occur at early stage in the pavement life.
This work aims to evaluate the changes in the creep and
recovery after the short-term ageing and after multiple
levels of PAV exposures. Therefore, the MSCR test
temperatures were determined on the RTFO residue and
then maintained constant to highlight the effects of the
PAV only avoiding any possible confounding effect. In
some measure, this is representative of the field
conditions. That is, the bitumen is selected as per its high
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temperature properties determined after the short-term
ageing. Then, as per the criterion adopted, it is possible
to highlight how these properties (measured at the same
temperature) vary with the oxidative ageing simulated in
the PAV.

The continuous grade temperature was determined on
the SBS modified bitumen including Sulphur (i.e., SBS
2/S, SBS 4/S, SBS 6/S) and on the base bitumen (Pen).
For the remaining bitumen (i.e., SBS 4, SBS 6) the
MSCR test temperatures correspond to the ones
determined on the PMB/S bitumen with the same
polymer concentration. For the bitumen Pen/S, the
MSCR temperature corresponds to the one determined
on the Pen bitumen. It is worth clarifying that according
to AASHTO M 332, the traffic designation should be
measured at the Performance Grade temperature and not
at the Continuous Grade High Temperature. However,
the traffic designation is included to provide a synthetic
indicator of the change in the resistance to the
accumulation of permanent deformation and not for
grading purpose. Three replicates were used per each
bitumen.

3 Results and discussion

Prior to discuss the results of the Jnr and the average
percent recovery at different levels of ageing, two
examples of the trend of the measured strain versus time
in the MSCR test are given. Specifically, the figures
below show variation of the measured strain (at 3.2 kPa)
versus time of the unmodified bitumen (Pen - Figure 1)
and the SBS 6/S modified bitumen (Figure 2).
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Fig. 1. Measured strain at 3.2 kPa versus time Pen bitumen at
different levels of ageing.
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Fig. 2. Measured strain at 3.2 kPa versus time SBS 6/S at
different levels of ageing.

In the case of the unmodified bitumen (Figure 1), the
accumulated final strain at the end of the loading cycles
decreases with ageing with the highest value of final
strain at the unaged condition and the lowest after four
cycles of PAV. This trend highlights the oxidative
hardening of the bitumen occurring in the RTFO and in
the PAV. On the other hand, the final accumulated strain
of the SBS 6/S bitumen (Figure 2) shows the opposite
trend between the unaged and the 2PAV-aged
conditions. In this case, the final strain increases with
ageing indicating that the bitumen is softening in the
RTFO and the PAV. Then, after four cycles of PAV, the
final strain reduces below the value shown at the unaged
condition. The variation of the final strain with ageing
depends on the contributions of the polymer and of the
bitumen phases at the testing temperatures. This
mechanism is detailed in the discussion of the Jur and the
R results.

3.1 MSCR - Analysis of Jnr values

The values of the Jur at the stress level of 3.2 kPa are
given in Figure 3 and discussed as follows.
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Fig. 3. Jo: @ 3.2 kPa (kPa™)

(AASHTO M 332 traffic Designation: S — Standard (Jur max = 4.5 kPa!); H
— Heavy (Jur max = 2 kPa!); V — Very Heavy (Jurmax = 1 kPa!); E — Extreme
(Joemas = 0.5 kParl))

3.1.1 Pen and Pen/S bitumen

The non-recoverable compliance of the Pen bitumen
decreases with ageing. This result is not surprising since
the stiffening effect of ageing on unmodified bitumen is
well known. The use of 0.1% Sulphur does not provide a
remarkable effect with the Jur showing the same trend.

3.1.2 SBS/S Modified bitumen (SBS + Sulphur)

For the selected testing temperatures, the variation of the
Jur values with ageing of the SBS-modified bitumen
depends on the polymer concentration.

The Jur values of the SBS 2/S bitumen decrease with
ageing as observed in the Pen bitumen. It seems that at
such polymer concentration the polymer phase is not
capable of mitigating the effects on of the bitumen
(phase) hardening on the rheological response.
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In the SBS 4/S bitumen, the Jur increases after the
RTFO to remain within the test variability (H-grade) up
to two cycles of PAV. After four cycles of PAV, the Jur
values drops drastically with the traffic designation
becoming E-grade. It seems that between the RTFO and
two PAV cycles, the degradation of the polymer chains
compensates for the hardening of the bitumen keeping
the Jur values constant throughout the oxidation.

Therefore, at the selected testing temperature the
mechanical response is controlled by both the bitumen
and the polymer phases [17]. The effect of the polymer
vanishes after four cycles of PAV when the hardening of
the bitumen phase causes a drop in the Jur value.

In the SBS 6/S bitumen, the Ju: increases with ageing
with the traffic designation varying from a V-grade
(unaged) to an S-grade after 2 cycles of PAV. The
majority of the degradation occurs in the PAV, with the
RTFO producing a marginal damage. After four cycles
of PAV, the Ju value drops as seen in the SBS 4/S
binder. At such high SBS concentration, the polymer
controls the rheological response measured at the
selected test temperature. That is, the increase in the Jar
values might indicate that, although the bitumen phase
hardens, the PMB is softening because its response is
more controlled by the polymer phase that is degrading
in the PAV. Then, as observed in the SBS 4/S binder,
after four cycles of PAV, the effect of the polymer
vanishes because it is highly degraded and the
rheological response is dominated by the hardened
bitumen. Consequently, the Jur value drops. The concept
of controlling the rheological response (or dominance) as
a function of temperature has been detailed by Airey and
Brown [17].

3.1.3 SBS Modified bitumen (No Sulphur)

The trend of the Jur values of the SBS 4 and SBS 6
bitumen highlight that the use of Sulphur as a cross-
linker strongly influences the ageing susceptibility of the
PMBs. Both bitumens show an increase in the Jur values
between the unaged condition and the RTFO. After the
RTFO, the trend throughout the PAV ageing coincides
with what was observed in the Pen bitumen. Although
the SBS is used in the same concentrations of the
bitumens modifed with Sulphur (i.e., 4%, 6%), the
rheological response indicates that after the RTFO the
polymer phase is degraded and does not compensate for
the hardening of the bitumen phase. The advantage of
using Sulphur in PMBs have been determined by various
authors that highlight that the crosslinking effect of
Sulphur improves polymer stability and enhances the
quality of modification [30, 31]. In this case, results
show that the cross-linking effect of Sulphur provides
the polymer network with a higher oxidative resistance
in the PAV with the SBS balancing the hardening of the
bitumen phase.

3.2 MSCR - Analysis of average percent
recovery (%R)

The values of the percent recovery (R) at the stress level
of 3.2 kPa are given in Figure 4 and are discussed as
follows.
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Fig. 4. Percent recovery (R) @ 3.2 kPa (%).

3.2.1 Pen and Pen/S bitumen

The Pen and the Pen/S bitumen are unmodified;
therefore, the trend of their percent recovery does not
provide any relevant information. However, after four
cycles of PAV, an increase in the values of R of both the
bitumen is noted. This aspect might depend on the
bitumen hardening that causes a reduction in the creep
portion of the strain (Equation (2)).

3.2.2 SBS/S Modified bitumen (SBS + Sulphur)

In the SBS modified bitumen with Sulphur, the variation
of the percent recovery with ageing (R) is a function of
the polymer concentration.

In the SBS 2/S bitumen, the polymer phase produces
a marginal increase in the percent recovery compared
with the unmodified bitumen. The trend of R with ageing
is similar to those observed in the Pen and the Pen/S
bitumen with R increasing after four cycles of PAV due
to the bitumen hardening. As observed with the Jar
values, values of R highlight that at 2%SBS (and at the
selected testing temperature), the response of the PMB
with ageing does not deviate from the response of the
base bitumen.

In the SBS 4/S bitumen, the polymer modification
produces a remarkable increase in the average percent
recovery (R=95% at unaged conditions — Figure 4). In
the RTFO, the polymer network degrades with the value
of R that drops to 46%. In the PAV, the residual
deterioration of the polymer network is visible after 40
hours of exposure with the value of R decreasing to
18.3% after two PAV cycles (Figure 4). The reduced
loss in average percent recovery after a single cycle of
PAV (-8% - Figure 4) is consistent with the trend of the
Jor values that show a reduced variation. After four
cycles of PAV, the hardening of the bitumen phase
produces an increase in the R values as observed in the
other bitumen discussed so far (i.e., Pen, Pen/S and SBS
2/8S).

The decreasing trend of the percent recovery between
the RTFO and two cycles of PAV is an indicator of the
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integrity of the polymer network. The damage
accumulated in the polymer network causes the R values
to decrease until the polymer contributes to controlling
the PMB response under loaded (Ju, R) and unloaded
conditions (R). Afterwards, once the polymer chains
achieve high levels of deterioration, the response is more
controlled by the hardened bitumen with the R value
increasing.

As observed in the SBS 4/S bitumen, the polymer
modification in the SBS 6/S bitumen increases the
percent recovery with respect to the unmodified
conditions. The SBS 4/S bitumen shows a higher
recovery probably because of the difference in the
testing temperature (Table 2). The SBS 6/S bitumen
maintains almost the same average percent recovery
after the RTFO that slightly damages the polymer
network (Figure 4). On the other hand, the oxidative
process in the PAV degrades the polymer network
producing a decrease in percent recovery between the
RTFO and two cycles of PAV. The growth in percent
recovery after four cycles of PAV depends on the same
mechanism detailed for the SBS 4/S bitumen.

3.2.3 SBS Moadified bitumen (No Sulphur)

Results from the average percent recovery of the SBS 4
and SBS 6 modified bitumen confirm that the use of
Sulphur as a cross-linker affects the oxidative resistance
of the polymer network measured by means of loss in
percent recovery (R). The majority of the degradation of
the polymer network occurs in the RTFO with the values
of the average percent recovery that drop below 10% at
both concentrations (Figure 4). The trends of the average
percent recovery with the PAV exposure do not deviate
from the trends of the unmodified bitumen. What should
be considered in this case is that both the PMBs contain
with the same polymer concentrations of the SBS 4/S
and SBS 6/S PMBs and differ only for the presence of
Sulphur. Therefore, the effect of the cross-linker on the
thermo-oxidative resistance of the polymer network is
clearly shown and needs to be considered once the anti-
oxidative properties of SBS polymers are investigated.

4 Conclusions

In this study, the effects of laboratory-simulated ageing
on the rheological response of SBS-modified bitumen
were investigated. Five polymer-modified bitumen were
prepared by mixing a Pen 70-100 base bitumen (Pen)
with different concentrations of a radial SBS
(polystyrene content 29-31%) and Sulphur as a cross-
linker. Three PMBs were prepared by mixing three
concentrations of SBS (i.e., 2% - medium-low; 4% -
high; 6% - very high) with 0.1% Sulphur. Two PMBs
were prepared by mixing the base bitumen with 4% and
6% SBS without cross-linker. One unmodified bitumen
was modified with 0.1% Sulphur (Pen/S) to isolate any
eventual effects of the Sulphur. The bitumen were
laboratory-aged combining the RTFO and different times
of PAV exposure. The rheological response was

measured by the Multiple Stress Creep and Recovery
(MSCR) test. The non-recoverable compliance (Jur) and
the average percent recovery (R) both measured at 3.2
kPa were considered as rheological indicators
representative of the bitumen hardening and of the
polymer degradation (R).

The following concluding remarks can be drawn:

The Jur values of the Pen bitumen decrease with
ageing due to the oxidative hardening occurring in
the RTFO and in the PAV. At high oxidative levels,
the bitumen hardening produces an increase in the
average percent recovery measured in the DSR. The
bitumen modified with Sulphur (Pen/S) shows the
same behavior.

The rheological response of the cross-linked SBS
modified bitumen (i.e., SBS 2/S, SBS 4/S, and SBS
6/S) varies with ageing depending on the polymer
concentration What is observed is that, at the
selected test temperatures, the higher the polymer
concentration, the more the SBS mitigates the
effects of the hardened bitumen phase on the MSCR
response.

o At medium-low concentration (2%), the trend
of the rheological parameters (Jur and R) does
not deviate from those of the unmodified
bitumen.

o At high concentration (4%), the polymer
network is damaged in the RTFO and the
PAV. Nevertheless, between the RTFO and
two cycles of PAV, the SBS phase is capable
of balancing the hardening of the bitumen
phase with the Jur values showing limited
variation. At higher oxidative levels, the
polymer is sensibly damaged and the
hardened bitumen phase controls the
rheological response with the Ju that
decreases and the average percent recovery
that raises.

o At very high SBS concentrations (6%), the
polymer phase controls the rheological
response from the unaged conditions up to
two cycles of PAV. The polymer network is
damaged in the PAV with the RTFO
providing negligible effects. Between the
RTFO and two cycles of PAV, the Ju
increases with ageing reversely with what is
observed in the unmodified bitumen. At
higher oxidative levels, the same behavior of
the SBS 4/S bitumen is observed.

o Results show that the use of the average
percent recovery as an indicator of integrity
of the polymer network can be advocated.

In the SBS modified bitumens without the cross-
linker, the effect of the polymer on the rheological
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response vanishes after the RTFO irrespective of the
polymer concentration.

The combined use of Sulphur and SBS changes the
oxidative resistance of PMB. Although the effect of
Sulphur cannot be isolated, it seems to be clear that
the cross-linked SBS modified bitumens (SBS +
Sulphur) have a lower oxidative susceptibility than
uncross-linked SBS modifed bitumens with the
same polymer concentration. Therefore, in the study
of the anti-oxidative properties of SBS, parameters
such as the use of the cross-linker need to be
considered.
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