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Abstract

The use of polymer modified bitumen (PMB) is continuously growing due to the polymer 
ability to increase the asphalt pavements resistance to rutting, as well as other performance 
characteristics. However, in practice, asphalt pavements with the same class of PMB perform 
differently even though the same technical requirements are met. Previous studies have 
demonstrated that creep and recovery can differ more than 4 times between the same class 
of PMB. It is known to be influenced by the properties of both base bitumen and polymer. 
However, there is a lack of more detailed analysis. Therefore, the aim of this paper is to de-
termine how the properties of both the base bitumen and the polymer affect the creep and 
recovery of PMB. For this purpose, three 70/100 binders, which differ in fractional composi-
tion (asphaltenes, resins, aromatics and saturates – SARA) were laboratory modified with 
three polymers, which differ in structure and molecular weight. Styrene-butadiene-styrene 
(SBS), as one of the most popular modifiers, was selected for bitumen modification. In all 
cases, 3% of SBS were used to produce PMB. Research showed that the properties of the 
base binder have a significantly higher effect on the creep and recovery of PMB compared to 
the properties of SBS when 3% SBS is used.
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1	 Introduction

With increasing traffic loads and climate change, the use of polymer modified bitumen (PMB) 
is continuously increasing. PMB increases the asphalt pavements resistance to rutting, fa-
tigue, and thermal cracking and, as a result, leads to longer durability [1–5]. Asphalt pave-
ments with PMB are estimated to last from 5 to 10 years longer than those with unmodified 
bitumen [3, 6, 7]. A possible explanation for the difference in performance (durability) of as-
phalt pavements with PMB (5 years or 10 years longer) could be that asphalt pavements with 
the same class (type) of PMB perform differently even when existing requirements are met. 
Previous studies have shown that creep and recovery can differ more than 4 times between 
the same class (type) of PMB [8]. 
The behaviour of PMB is influenced by several factors, including the properties of the base 
bitumen and the characteristics of the polymer and its amount [9, 10]. The chemical compo-
sition, rheological properties, and susceptibility to ageing of the base bitumen significantly 
affect its interaction with the polymer and, consequently, the mechanical properties of the 
modified bitumen. Additionally, the type, content, and distribution of polymer within the 
bituminous matrix play a crucial role in improving PMB performance.
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Extensive research has been carried out on the performance of PMB [11–14]. However, there 
is a lack of studies focused on the effect of properties of the base bitumen and polymer on 
the creep and recovery of PMB. Understanding the creep and recovery characteristics of PMB 
is crucial for predicting asphalt pavement performance. Creep, the gradual deformation of a 
material under constant stress over time, and recovery, the ability of the material to regain its 
original shape after stress removal, are fundamental parameters that govern the long-term 
behaviour and durability of asphalt pavements [15–19].
This paper aims to determine the creep and recovery of nine laboratory modified binders 
and relate their performance to the properties of components used for modification (neat 
bitumen and polymer). The data obtained will help to address the research gap on the effect 
of the properties of the base bitumen and polymer on the creep and recovery of PMB.

2	 Materials and methods

2.1	 Materials and preparation of PMBs

Three 70/100 binders, which differ in fractional composition (saturates, aromatics, res-
ins, and asphaltenes – SARA), were laboratory modified with three different polymers. The 
properties of base bitumen and polymer are given in Table 1 and Table 2, respectively. Sty-
rene-butadiene-styrene (SBS), as one of the most widely used polymers, was selected for 
bitumen modification. In all cases, 3% of SBS by weight was used to produce PMB.

Table 1 	  Properties of base bitumen 70/100

Table 2 	  Properties of SBS polymers

Properties
Bitumen code

A B C

Penetration [dmm] (dmm = o.1 mm) 73.1 82.6 83.2

Softening point [°C] 49.1 46.4 45.8

SARA fractions [%]

saturates 8.3 11.6 6.1

aromatics 33.5 27.1 33.7

resins 40.8 46.2 43.8

asphaltenes 17.4 15.1 16.4

Colloidal stability (Gaestel) index Ic [–] 0.345 0.364 0.290

Properties
SBS polymer

1 2 3

Structure* linear radial radial

Styrene-butadiene ratio* 31/69 20/80 30/70

Molecular weight Mn [kDa] 103.9 178.0 255.2

Molecular weight Mw [kDa] 112.5 186.2 270

Polydispersity Mn/ Mw [–] 1.08 1.05 1.06

Notes: * – declared by producer
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All PMBs were produced using a high-shear Silverson L5M-A laboratory mixer with gener-
al-purpose disintegrating head. The neat bitumen was preheated according to the Europe-
an standard EN 12594:2015 and then placed in the modification device, which was already 
preheated to 185 °C. The neat bitumen was stirred at 3000 rpm for 15 min to achieve ho-
mogeneity. After that, the SBS was gently poured into the bitumen in about 5 min and the 
rotation speed was increased up to 6000 rpm. After 1 hour at 6000 rpm, the modification 
was stopped.

2.2	Test methods

First, for all PMBs produced, penetration at 25 °C and softening point were determined ac-
cording to the European standards EN 1426:2015 and EN 1427:2015. Subsequently, the creep 
and recovery were determined by performing the multiple stress creep and recovery (MSCR) 
test according to the American standard AASHTO T 350-19. The American standard instead of 
the European one was used to determine creep and recovery because a recently conducted 
interlaboratory study showed that 10 cycles of preloading at 0.1 kPa (based on the AASHTO 
350) has a significant effect on MSCR results, especially for PMB [20]. 
In the MSCR test according to AASHTO T 350-19, 20 creep and recovery cycles are performed 
at 0.1 kPa, where the first ten cycles are used to preload the sample, and the last ten cycles 
are used to calculate the test results. After that the stress is increased to 3.2 kPa and at this 
stress level, ten creep and recovery cycles are performed. Each creep and recovery cycle in-
cludes a creep period with constant stress of 1 s and a recovery period with zero stress of 9 s. 
The MSCR test was carried out using a 25 mm geometry with a 1 mm gap at a test temperature 
of 60 °C. Three specimens were tested for each PMB.

3	 Results and discussion

3.1 Penetration and softening point

Since all binders were laboratory modified and the polymer modified bitumen is designated 
based on the penetration and softening point, these two characteristics were determined to 
identify which type of PMB was produced. The results are given in Fig. 1. There are the aver-
age of three values. As can be seen in Fig. 1, all laboratory produced binders with 3% SBS 
can be assumed to be PMB 25/55-60 except C-1 and C-2. These binders had a slightly lower 
softening point (59.9 °C and 59.8 °C) when required (≥60 °C). The highest softening point 
was up to 71.5 °C (B-2). Meanwhile, the penetration varied from 29 dmm (B-2) to 40 dmm (C-
3), dmm - decimillimetre, 0.1 mm.
It is apparent from Fig.  1 that the properties of PMBs at the same SBS content (3  %) de-
pend on both the base binder and the polymer. PMBs with SBS  1 revealed a penetration 
of 33–35 dmm and a softening point of 59.9–68.3 °C, PMBs with SBS 2 – a penetration of 
29–39 dmm and a softening point of 59.8–71.5 °C, and PMBs with SBS 3 – a penetration of 
32–40 dmm and a softening point of 64.8–66.4 °C. However, the relationship between the 
penetration and softening point of the PMB and base binders was not determined. Therefore, 
PMB properties strongly depend on the chemical composition of the base binder. The more 
saturates are in base bitumen, the higher the softening point. The increase in the softening 
point depends on the properties of SBS. No other trends were observed between the frac-
tional composition of the base binder and penetration as well as the softening point of the 
PMBs. 
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The properties of SBS affect the penetration and softening of PMBs as well. However, the 
effect also depends on the properties of the base binder. For example, the penetration and 
softening point of PMBs with base binder A (A-1, A-2, and A-3) were not affected by the prop-
erties of SBS (the penetration was 33–34 dmm and the softening point – 64.9–65.0 °C irre-
spective of the SBS). Meanwhile, the penetration was 29–34 dmm and 35–40 dmm and the 
softening point was 66.4–71.5 °C and 59.8–64.8 °C, respectively for base binder B and C 
depending on the properties of SBS. However, no relationship between the SBS properties 
and penetration as well as the softening point of the PMBs was observed.

Figure 1	 Penetration and softening point of laboratory modified binders

3.2	Creep and recovery

The creep and recovery of laboratory modified binders (3 base binders 70/100 and 3 different SBS) 
were determined by the multiple stress creep and recovery (MSCR) test. The results expressed as 
the relationship between the average percent recovery (R3.2) and non-recoverable creep compliance 
(Jnr 3.2) are given in Fig. 2. Each of points presents the average of three values. Overall, R3.2 varied from 
17% (C-2) to 49% (B-2) and Jnr 3.2 – from 0.205 kPa-1 (B-2) to 0.907 kPa-1 (C-2).
As can be seen from Fig. 2, the creep and recovery of PMBs at the same SBS content (3 %) 
depend on both the properties of the base binder 70/100 and the polymer. Recovery and 
non-recoverable creep compliance at 60 °C and 3.2 kPa because of the properties of the base 
binder 70/100 differed up to 1.4–2.9 and 2.2–4.4 times depending on the SBS, respectively. 
PMBs with SBS  1 recovered 18–42% and revealed a Jnr 3.2 of 0.211–0.766  kPa-1, PMBs with 
SBS 2 recovered 17–49 % and revealed a Jnr 3.2 of 0.205–0.907 kPa-1, and PMBs with SBS 3 
recovered 28–40 % and revealed a Jnr 3.2 of 0.345–0.736 kPa-1. 
PMBs with base binder B, which had the highest amount of saturates (11.6%) at 60 °C and 
3.2 kPa recovered the most (40–49%) and had the lowest Jnr 3.2 values (0.205–0.345 kPa-1). 
While PMBs with base binder C, which had the lowest amount of saturates (6.1%) showed 
the lowest recovery (17–28%) and the highest Jnr 3.2 values (0.736–0.907 kPa-1). Therefore, the 
more saturates are in base bitumen, the higher the recovery and the lower the non-recovera-
ble creep compliance of modified bitumen with SBS. This finding is similar to those reported 
by Škulteckė et al. who analysed the effect of SARA on creep and recovery of PMBs taken from 
different producers at different production times [8]. In that study, the value of R3.2 increased 
and the value of Jnr 3.2 decreased as the percentage of saturates and aromatics increased in 
PMBs. It should be noted that in this study no other trends were observed between the frac-
tional composition of the base binder and recovery, as well as the Jnr 3.2 of the PMBs. 
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The properties of SBS affect the creep and recovery of PMBs as well. However, this effect is 
lower compared with the properties of base binder. The recovery and non-recoverable creep 
compliance at 60 °C and 3.2 kPa because of the properties of SBS differed up to 1.2–1.7 times 
depending on the properties of the base binder 70/100. However, no relationship was ob-
served between the SBS properties and the values of R3.2 and Jnr 3.2 of the PMBs.

Figure 2	 Average percent recovery (R3.2) vs non-recoverable creep compliance (Jnr 3.2)

4	 Conclusions

This research presents the effect of the properties of the base bitumen 70/100 and SBS 
(structure, molecular weight, etc.) on the creep and recovery of laboratory modified binders. 
Three 70/100 binders, which differ in penetration, softening point, and fractional composi-
tion, were laboratory modified with three different polymers using 3% SBS (overall 9 PMBs 
were produced and tested). To identify which type of PMB was produced, the penetration and 
softening point were also determined. Based upon the results obtained in this research, the 
following conclusions are drawn:

••PMB 25/55-60 can be successfully produced by mixing bitumen 70/100 with 3% SBS. How-
ever, in all cases the physical, mechanical, and chemical properties of base binder as well 
as the properties of SBS have to be considered individually. For example, bitumen 70/100 
(penetration – 83 dmm, softening point – 45.8 °C) modified with 3% SBS, which molecular 
weight was 113–186  kDa, revealed a slightly lower softening point (around 59  °C) when 
required one (≥60 °C). However, when SBS with molecular weight of 270 kDa was used to 
modify the same base binder, the softening point increased to 64.8 °C.
••The performance of produced PMBs with base binder A (penetration – 73 dmm, softening 
point – 49.1 °C, saturates – 8.3%, aromatics – 33.5%, resins – 40.8% and asphaltenes 
– 17.4%) was not affected by the properties of SBS. The penetration of PMBs was 33–34 
dmm and the softening point – 64.9–65.0 °C However, this was not the case for PMBs 
with the other two base binders B and C, which penetration – 83 dmm, softening point – 
45.8–46.4°C, saturates – 6.1–11.6%, aromatics – 27.1–33.7%, resins – 43.8–46.2% and 
asphaltenes – 15.1–16.4%. This trend was not observed when creep and recovery were an-
alysed. Further studies are needed to identify what causes if SBS properties have an effect 
on PMB performance or not.
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•• The creep (Jnr 3.2) and recovery (R3.2) among PMBs can differ more than two times even when 
the same type of base binder (e.g., 70/100) and the same amount of SBS (e.g., 3%) are 
used. What is interesting is that the difference in properties is more influenced by the prop-
erties of base bitumen compared to the properties of SBS (Jnr 3.2 differed up to 2.1–4.4 times 
and R3.2 – up to 1.4–2.9 times depending on the properties of base bitumen while Jnr 3.2 and 
R3.2 differed up to 1.2–1.7 times depending on the properties of SBS).
•• The more saturates are in base bitumen, the higher the softening point and recovery of 
PMBs, and the lower the non-recoverable creep compliance of PMBs. PMBs produced 
with base bitumen 70/100 (penetration – 83 dmm, softening point – 46.4 °C), which had 
the highest amount of saturates (11.6%), had the softening point of 66.4–71.5 °C, R3.2 val-
ue of 40–49% and Jnr 3.2 value of 0.205–0.345 kPa-1 depending on the properties of SBS. 
While PMBs produced with base bitumen 70/100 (penetration – 83 dmm, softening point 
– 45.8 °C), which had the lowest amount of saturates (6.1%), had the softening point of 
59.8–64.8 °C, R3.2 value of 17%–28% and Jnr 3.2 value of 0.736–0.907 kPa-1 depending on 
the properties of SBS.
••The properties of SBS have an effect on the performance of PMBs, however, no relationship 
was established between the structure of SBS (linear vs radial) or the molecular weight 
(113–270 kDa) and the values of R3.2 and Jnr 3.2 of PMBs with 3% SBS. Additional research is 
needed to better understand the interaction between base bitumen and SBS, the forma-
tion of a polymer network within bitumen, and its effect on PMB performance.
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