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I 
 

Abstract 
 
In this thesis, a review is given on the most popular polymers used 
today for polymer modification of bitumen. Furthermore, the 
development of a model for phase separation in polymer modified 
bitumen (PMB) is proposed, that will enable a better control and 
understanding of PMB phase behaviour, allowing thus to enhanced 
long-term performance. PMB is hereby considered as a blend and 
focus is placed on its structure, its equilibrium thermodynamics 
and its phase separation dynamics. The effects of dynamic 
asymmetry on phase separation in PMB are analysed with related 
theories and some image data. Based on the discussion in this 
thesis, it is concluded that the effects of dynamic asymmetry 
between bitumen and polymer should be taken into consideration 
when studying phase separation in PMB. By analysing related 
literature and image data, it is found that some features of 
viscoelastic phase separation are shown during the phase 
separation process in some PMBs. It is therefore possible and 
useful to develop a viscoelastic model for PMB to describe its phase 
separation behaviour. In this, the stress-diffusion coupling is 
expected to play a key role in the model. Finally, recommendations 
are made towards the future research which is needed to realize 
the proposed model. 
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II 
 

Sammanfattning 
 
I denna avhandling ges en överblick av de vanligaste polymerer 
som används till polymermodifiering av bitumen. Vidare beskrivs 
utveckling av en modell för fasseparation i polymermodifierat 
bitumen (PMB) som kommer att ge en bättre kontroll och 
förståelse av PMB:s fasbeteende, vilket ger möjlighet till utveckling 
av bättre långtidsegenskaper. PMB betraktas i detta sammanhang 
som en blandning och fokus ligger på dess struktur, dess 
termodynamiska jämvikt och dess fasseparationsdynamik. 
Effekten av dynamisk asymmetri på fasseparationen i PMB 
analyseras med relaterad teori och några mikroskopbilder. Baserat 
på diskussionen i denna avhandling har slutsatsen dragits, att 
effekten av dynamisk asymmetri mellan bitumen och polymer 
måste tas med vid studier av fasseparation i PMB. Genom att 
analysera relevant litteratur och bilddata har det konstaterats att 
vissa särdrag inom viskoelastisk fasseparation framkommer vid 
fasseparationsprocessen i en del PMB:s. Det är därför möjligt och 
värdefullt att utveckla en viskoelastisk modell för PMB så att 
fasseparationsbeteendet kan beskrivas. Härvid förväntas 
kopplingen mellan tryck och diffusion spela en viktig roll i 
modellen. Slutligen ges rekommendationer för fortsatt forskning 
som är nödvändig för att realisera modellen. 
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1. Introduction 
 
Bitumen is one of the oldest known engineering materials (Morgan, 
& Mulder, 1995). It has been used for thousands of years (Polacco, 
Stastna, Biondi, & Zanzotto, 2006) in various ways. According to a 
joint publication of the American Asphalt Institute and 
Eurobitume in 2011, the current world consumption of bitumen is 
approximately 102 million tonnes per year, 85% of which is used in 
various kinds of pavements (Asphalt Institute, & Eurobitume, 
2011). However, due to the limited oil resources for producing 
good-quality bitumen and the lack of effective control actions 
during refinery, as well as the driving force of earning the 
maximum economic benefits, industries have paid a lot of 
attention on bitumen modification (Becker, Méndez, & Rodríguez, 
2001). Additionally, following the rapid development of pavement 
industry during the last few decades, increased traffic load, higher 
traffic volume, and insufficient maintenance led to many severe 
distresses of road surfaces, which have stimulated a further 
research focus on bitumen modification. Among all attempted 
bitumen modification methods, polymer modification has been 
one of the most popular. 

Polymer modification of bitumen is the incorporation of 
polymers in bitumen by mechanical mixing or chemical reaction 
(Lu, 1997). For many years, polymer modification of bitumen has 
been recognized as an effective way to improve bitumen properties 
to some extent, although several challenges still remain. Some 
popular polymer modifiers for bitumen include plastomers (e.g. 
polyethylene (PE), polypropylene (PP), ethylene-vinyl acetate 
(EVA)) and thermoplastic elastomers (e.g. styrene-butadiene-
styrene (SBS), styrene-ethylene/butylene-styrene (SEBS)), 
although none of these were initially designed for bitumen 
modification. These polymers were reported to lead to some 
improved properties of bitumen. 
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Despite the reported advantages, researchers have also 
encountered various challenges. One of the identified common 
problems for polymer modified bitumen (PMB) was the storage 
instability of the final PMB products, i.e. the separation of polymer 
from bitumen during storage and transport. Since storage stability 
is a primary requirement for all PMBs, understanding the stability-
related behaviour beforehand of PMB is thus of great importance. 

Since polymer is not, and is not expected to be, totally dispersed 
(or dissolved) in bitumen, the components are usually present as 
different phases in PMB. The phase behaviour of PMB has a very 
close relationship with its storage stability. In fact, even if some 
PMBs are storage-stable, the differences in phase behaviour would 
lead to differences in morphology of the final products. Many 
studies (Oliver, Khoo, & Waldron, 2012; Soenen, Lu, & Redelius, 
2008, 2010; Sun, Ye, Shi, & Lu, 2006) have resulted in the 
conclusion that PMB morphology has an important influence on 
the final properties. So it is very critical to understand the 
fundamental phase behaviour of PMB, to enable the development 
and guarantee of good and sustainable PMB properties. 
Additionally, a clear understanding of phase behaviour is also the 
foundation of new modifier developments. 

To develop a clear understanding of PMB phase behaviour, 
allowing for long-term performance predictions, in this thesis, a 
review is given on the most popular polymers and an approach for 
the development of a PMB phase separation model is proposed. 
PMB is hereby considered as a blend and focus is placed on its 
structure, its equilibrium thermodynamics and its phase 
separation dynamics. The effects of dynamic asymmetry on phase 
separation in PMB are analysed with related theories and some 
image data. Based on the work described in this thesis, a continued 
research approach is suggested which would enable the 
development and testing of such a model. In this, it should be 
noticed that the effects of gravity due to bitumen-polymer density 
difference, which are believed as one of the causes to PMB phase 
separation in vertical direction (Brûlé, 1996; Giavarini, De Filippis, 
Santarelli, & Scarsella, 1996; Ouyang, Wang, Zhang, & Zhang, 
2005; Pérez-Lepe, Martínez-Boza, & Gallegos, 2007), are currently 
neglected in this thesis. 
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2. Literature review 
 
After World War II ended, synthetic polymers began to be used to 
modify bitumen. Over the years, researchers developed various 
polymer modifiers. Today, widely used polymers for bitumen 
modification can be classified into two categories: plastomers and 
thermoplastic elastomers. As Stroup-Gardiner and Newcomb 
(1995) reported, plastomers have little or no elastic component, 
usually resulting in their quick early strength under load and the 
following permanent deformation or brittle failure. As for 
thermoplastic elastomers, they soften on heating, harden on 
cooling (Isacsson, & Lu, 1995) and are able to resist permanent 
deformation by stretching under load and elastically recovering 
once the load is removed (Stroup-Gardiner, & Newcomb, 1995), 
which leads to their greater success than plastomers as bitumen 
modifiers. 

Some popular polymers for bitumen modification are listed in 
Table 1 with their advantages and disadvantages. These polymers 
were reported to lead to some improved properties of bitumen, 
such as higher stiffness at high temperatures, higher cracking 
resistance at low temperatures, better moisture resistance or 
longer fatigue life (Alataş, & Yilmaz, 2013; Gorkem, & Sengoz, 
2009; Isacsson, & Zeng, 1998; Ponniah, & Kennepohl, 1996; 
Tayfur, Ozen, & Aksoy, 2007; Von Quintus, Mallela, & Buncher, 
2007). In an extensive summary by Polacco et al. (2006), it was 
claimed that an effective polymer modification results in a 
thermodynamically unstable but kinetically stable system in which 
the polymer is partially swollen by the light components of 
bitumen. Some important factors, including the characteristics of 
the bitumen and the polymer themselves, the content of polymer 
and the manufacturing processes, determine the final PMB 
properties (Larsen, Alessandrini, Bosch, & Cortizo, 2009; Lu, 
1997). As polymer content increases, phase inversion may occur in  
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Table 1. Popular polymers for bitumen modification. 
 

Categories Examples Advantages Disadvantages 

Plastomers 

• Polyethylene (PE) 
• Polypropylene (PP) 

• Good high-temperature 
properties 

• Relatively low cost 

• Limited improvement in 
elasticity 

• Phase separation problems 

• Ethylene-vinyl acetate 
(EVA) 

• Ethylene-butyl acrylate 
(EBA) 

• Relatively good storage 
stability 

• High resistance to 
rutting 

• Limited improvement in 
elastic recovery 

• Limited enhancement in low-
temperature properties 

Thermoplastic 
elastomers 

• Styrene-butadiene-
styrene (SBS) 

• Styrene-isoprene-
styrene (SIS) 

• Increased stiffness 
• Reduced temperature 

sensitivity 
• Improved elastic 

response 

• Compatibility problems in 
some bitumen 

• Low resistance to heat, 
oxidation and ultraviolet 

• Relatively high cost 

• Styrene-
ethylene/butylene-
styrene (SEBS) 

• High resistance to heat, 
oxidation and ultraviolet 

• Storage instability problems 
• Relatively reduced elasticity 
• High cost 
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some PMBs: from bitumen being the dominant phase to polymer 
becoming the dominant phase (Sengoz, & Isikyakar, 2008). 
However, an ideal microstructure for PMB contains two 
interlocked continuous phases, which determines the optimum 
polymer content for bitumen modification (Brûlé, Brion, & Tanguy, 
1988). With these two interlocked continuous phases, PMB usually 
shows a better overall performance with respect to mechanical 
properties, storage stability and cost-effectiveness. Among all the 
listed polymers, SBS attracted the most attention due to its 
relatively good dispersibility (or appropriate solubility) in bitumen 
as well as the relatively excellent properties and acceptable cost of 
SBS modified bitumen (Chen, Liao, & Shiah, 2002; Lu, 1997). 

As mentioned in the above, researchers also encountered 
various challenges, including high cost, some PMBs’ high 
temperature sensitivity, low ageing resistance, poor storage 
stability and the limited improvement in elasticity. In this, the 
combination of bitumen oxidation and polymer degradation was 
reported to cause PMB’s ageing propensity (Ouyang, Wang, Zhang, 
& Zhang, 2006), which seems especially challenging for some 
unsaturated polymers, such as SBS. The poor storage stability of 
some PMBs usually results from the poor compatibility between 
polymer modifiers and bitumen which is controlled by polymers’ 
and bitumen’s different properties such as density, molecular 
weight, polarity and solubility (Wang, Yi, & Yuzhen, 2010). The 
chemical structure and reactivity of polymers, however, are also 
supposed to affect their compatibility with bitumen, which may 
have a direct relationship with the resulting PMB properties 
(Chang, Wong, Lin, & Yen, 2000). In order to conquer these 
challenges, researchers have tried different categories of solutions, 
such as saturation, sulphur vulcanization, adding antioxidants, 
using hydrophobic clay minerals, functionalization and application 
of reactive polymers. A summary of these is listed in Table 2. 
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Table 2. Attempted measurements for removing PMB’s drawbacks. 
 

Attempted 
measurements Advantages Disadvantages 

Saturation • Increased resistance to heat, 
oxidation and ultraviolet 

• Phase separation problems 
• High cost 

Sulphur 
vulcanization 

• Improved storage stability 
• Good high-temperature 

properties 

• Only applicable for unsaturated polymer 
modifiers, like SBS 

• High sensitivity to oxidative ageing and 
dynamic shear 

• Hydrogen sulphide released 
• Poor recyclability 

Antioxidants • Reduced oxidation • High cost 

Hydrophobic clay 
minerals 

• Improved storage stability 
• Good rutting resistance 
• Increased ageing resistance 

• Limited improvement in low-temperature 
properties, ductility and elastic recovery 

• Hard to be ideally exfoliated 

Functionalization • Improved compatibility 
• More functions not attempted 

• Uncontrollability in some cases 
• High cost 

Reactive 
polymers 

• Improved compatibility 
• Enhanced high-temperature 

properties 

• Limited improvement in low-temperature 
properties 

• Gelation problems 
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3. Pseudo-binary structure of polymer 
modified bitumen and its phase diagram 

 
As discussed in the previous chapters, poor storage stability is 
identified as one of the common problems for PMB products. It is 
of great importance to understand the fundamental phase 
behaviour of PMB. In this chapter, the structure and phase 
diagram of PMB are analysed for their phase behaviour. 

 
3.1. A pseudo-binary blend 
 
Essentially, PMB can be considered as a blend, i.e. a mixture of 
bitumen and polymer. In this, it has some similarities with a 
traditional polymer blend. Due to the complexity and variety of 
bitumen composition, as well as the use of different polymer 
modifiers, the structure of PMB as a blend can, however, vary. 
Based on the heterogeneous colloid model of bitumen, some 
researchers claimed that PMB is a ternary system comprising 
polymers, asphaltenes and maltenes (Lesueur, 2009; Lesueur, 
Gérard, Claudy, Létoffé, Martin, & Planche, 1998) and phenomena 
of crystallization and phase separation were reported to occur 
within bitumen (Claudy, Letoffe, Rondelez, Germanaud, King, & 
Planche, 1992). With respect to phase separation in PMB, however, 
the separation between polymer and bitumen occurs at a different 
spatial scale and temperature level with the separation within 
bitumen. The former obviously dominates the PMB structure at 
the targeted microscopic scale in this thesis, where the latter is not 
even identifiable (Varma, Takeichi, Hall, Ozawa, & Kyu, 2002). 
Consequently, it is reasonable to regard bitumen as one pseudo-
single phase, when investigating phase separation in PMB and 
disregarding crystallization. In contrast, some researchers regard 
bitumen to be a homogeneous and continuous molecular solution  
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based on mutual solubility (Redelius, 2004). In this case, bitumen 
evidently can be considered as one single phase. 

Regarding the use of different modifiers, homopolymers, such 
as PE, PP and polystyrene (PS), can be easily studied as one single 
phase when disregarding crystallization; while copolymers like SBS 
might make some differences (Wloczysiak, Vidal, Papirer, & 
Gauvin, 1997). Within SBS copolymers, the rigid PS domains are 
chemically linked with the flexible polybutadiene (PB) matrix and 
they are incompatible with each other. So micro-phase separation 
(between PS micro-phase and PB micro-phase) and order-disorder 
transition can happen within SBS copolymers. However, the 
spatial scale of micro-phase separation and temperature level of 
order-disorder transition lie out of the practical scopes for 
investigating the phase separation in PMB (Varma et al., 2002). 
Thus, it is also reasonable to consider polymer as one single or 
pseudo-single phase, when investigating phase separation in PMB. 
Based on the above discussion, in this thesis, PMB is studied as a 
pseudo-binary blend: one polymer-rich phase and one bitumen-
rich phase. 

 
3.2. Phase diagram 
 
A phase diagram shows the equilibrium states of a blend and is 
thus the foundation of phase behaviour research. Blends of 
different materials usually show different phase diagrams. Some 
blends separate upon heating and have a lower critical solution 
temperature (LCST) on the phase diagram, whereas other blends 
separate upon cooling and show an upper critical solution 
temperature (UCST). There are also blends that have both a LCST 
and a UCST (Masson, Collins, Robertson, Woods, & Margeson, 
2003). Generally, the phase diagram for a binary mixture is 
divided into several state regimes by two curves meeting at the 
critical point: the bimodal curve and the spinodal curve. The 
former means the limit of the absolute stable state, while the latter 
shows the boundary between stable and unstable states. Between 
them, the blend shows a metastable state. A typical phase diagram 
with UCST is present in Figure 1. However, for polymer blends, the 
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final equilibrium is not always reached due to some dynamic 
factors. One of the possible reasons could be the effects of high 
viscosity (Bates, 1991). 

 

 
Figure 1. UCST-type phase diagram for binary mixtures. 

 

Regarding PMB as a pseudo-binary blend, the phase diagram 
should be determined for the phase behaviour research. Varma et 
al. (2002) observed the phase diagram of SBS modified bitumen 
and found it to be a UCST-type with a critical point at about 20 vol% 
SBS and around a temperature of 200 °C. Soenen et al. (2008) 
confirmed the type of UCST by observing the separation upon 
cooling, although Masson et al. (2003) determined a three-
dimensional phase diagram with LCST for SBS modified bitumen. 
The authors were not able to find any phase diagram 
determination for bitumen modified with other polymer modifiers 
in the existing literature. 
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4. Dynamics of phase separation in 
polymer modified bitumen 

 
In this chapter, dynamics of phase separation in polymer modified 
bitumen is discussed. Firstly, the theoretical phase separation 
models for binary mixtures are generally described. Then, the 
effects of dynamic asymmetry on phase separation in PMB are 
analysed with related theories and high resolution image data. 

 
4.1. Phase separation dynamics of binary mixtures 
 
As an important fundamental phenomenon and industrial process, 
phase separation has been intensively studied for several decades. 
The dynamics of the phase separation phenomena can be 
described with several theoretical models, shown in Table 3. 
According to Hohenberg & Halperin, (1977), phase separation in 
solids can be described by the solid model (model B), whereas 
phase separation in fluids can be described by the fluid model 
(model H). Both models assume the same dynamics for the two 
components of a binary mixture, which can be called dynamic 
symmetry between the components. 

Viscoelastic matters, such as polymer blends, might cause some 
differences in this. If the dynamics of the two components are not 
that different or the effects of dynamic differences are not that 
important under some quench depths, the viscoelastic matters can 
be considered as dynamically symmetric matters which behave as 
viscous fluids. They just simply slow down the dynamics due to the 
high viscosity. However, the assumption of dynamic symmetry is 
hardly valid in various real complex fluids including many polymer 
blends. By introducing the concept of dynamic asymmetry, which 
is defined as the different dynamics for the two components of a 
binary mixture (one slow component and one fast component),
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Tanaka (1997, 2000, 2012) developed the viscoelastic model for 
phase separation in viscoelastic matters. In this model, due to the 
long characteristic rheological time of the slow component, 
viscoelastic relaxation of the slow phase generates internal stress 
within the mixtures. The coupling between stress and diffusion 
plays an important role in the viscoelastic phase separation process. 
With respect to the materials’ characteristic rheological time τt, 
generality was claimed for the viscoelastic model with the solid and 
fluid models as special cases (Tanaka, 1997), as shown in Table 3. 

 
Table 3. Phase separation models for mixtures of different 

materials, revised from Tanaka (2000, 2012). 

Materials Phase separation models 

Fluids 
• τt<<τo 

Fluid model 
• τt<<τd 
• diffusion+flow 

Viscoelastic matters 
- Dynamically 
   symmetric 
• τt~τo 

Viscous fluid model 
• τt<τd 
• diffusion+flow 

Viscoelastic matters 
- Dynamically 
   asymmetric 
• τts,τtf~τo 

Viscoelastic model 
• τts>τd at the intermediate stage 
• diffusion+flow+viscoelastic relaxation 

Solids 
• τt>>τo 

Solid model 
• no deformation 
   or τt>>τd, brittle fracture 
• diffusion (+elastic effects) 

Note: τt - characteristic rheological time; τo - observation time; τd - characteristic 
time of domain deformation; τts - characteristic rheological time of the slow 
phase; τtf - characteristic rheological time of the fast phase. 

 

Regardless of the different phase separation models, blends 
lying in different state regimes of the phase diagram show different 
types of phase separation. When lying in the unstable regime, they 
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separate by spinodal decomposition; whereas when lying in the 
metastable regime, they separate by nucleation and growth. In the 
fluid model, the early stage of spinodal decomposition can be 
approximated by the linear Cahn-Hilliard-Cook theory, while the 
early stage of nucleation and growth can be described by the 
Lifshitz-Slyozov-Wagner theory. At the late stage of phase 
separation, the blends show self-similar growth and the coarsening 
process can be described by scaling laws. 

In the viscoelastic model, the key concept is the dynamic 
asymmetry between the two components. The possible physical 
origins of dynamic asymmetry include the large molecular size 
difference between the components (mainly for polymer solutions) 
and the large difference in the glass transition temperature (Tg, 
mainly for polymer blends). For the latter, dynamic asymmetry 
affects both the diffusion process and the constitutive relation of 
the blends (Tanaka, 2012). When the two components have very 
different Tg, the mobility of the phases is strongly dependent on 
the composition. At the same time, the generated internal stress 
and asymmetric stress division between the two phases make the 
constitutive relation more complex as they dictate additional 
constitutive driving forces. 

Consequently, taking spinodal decomposition as an example, 
unlike the constant mobility coefficient in the linear Cahn-Hilliard-
Cook theory for early stage of spinodal decomposition in the fluid 
model, the mobility coefficient in the viscoelastic model is not 
constant (Toyoda, Takenaka, Saito, & Hashimoto, 2001). After the 
early stage, if the slow phase is the minority phase, phase inversion 
happens during phase separation, which means the continuous 
phase inverts from the slow phase at the intermediate stage to the 
fast phase at the late stage. In this case, the slow phase forms an 
elastic network structure at the intermediate stage and its volume 
shrinks due to the continuing diffusion process. And finally, the 
network structure breaks down. Because of this volume shrinking 
phenomenon, viscoelastic phase separation usually does not show 
self-similar growth after the early stage and scaling laws thus do 
not apply. Phase inversion and volume shrinking of the slow phase 
are main features of viscoelastic phase separation. 
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4.2. Dynamic asymmetry within polymer modified 
bitumen 

 
Regarding PMB as a blend of two viscoelastic materials, effects of 
the components’ viscoelasticity on phase separation dynamics have 
to be taken into consideration for its modelling. The related 
research questions thus need to include an investigation of the 
existence of dynamic asymmetry between bitumen and polymer 
modifiers within PMB and an exploration of the extent that 
dynamic asymmetry affects the phase separation in PMB. For the 
former question, the Tg difference between bitumen and polymer 
modifiers should be analysed firstly. Table 4 shows the Tg of 
bitumen and some polymer modifiers. The Tg of bitumen is 
strongly dependent on its penetration grade and its crude oil 
source, as well as the test method and conditions used for the 
measurement. Even for a given case, due to the complexity of 
bitumen composition, the bitumen usually has quite a broad 
temperature range for glass transition or shows multiple Tgs (e.g. 
Adedeji, Grünfelder, Bates, Macosko, Stroup-Gardiner, & 
Newcomb, 1996; Chambrion, Bertau, & Ehrburger, 1996; Claudy, 
Létoffé, Martin, & Planche, 1998; Kriz, Stastna, & Zanzotto, 2008; 
Masson, Polomark, & Collins, 2005). As for polymer modifiers, it is 
simple for amorphous homopolymers like PS, as they have only 
one Tg and do not crystallize. For SBS, Tg of PS blocks is around 
95 °C and Tg of PB blocks is around -80 °C. Although some studies 
(Adedeji et al., 1996; Varma et al., 2002) indicated that the Tg of PS 
blocks is not clearly discernible when using differential scanning 
calorimetry (DSC), the glass transition of PS blocks does affect the 
viscoelasticity of SBS. For semicrystalline polymers like PE, the 
effects of crystallization should be taken into account when 
investigating the phase separation process. 

 
Table 4. Glass transition temperatures (Tg) of bitumen and 

some polymer modifiers. 

Materials Bitumen PS SBS PE 

Tg (°C) -30~20 100 95, -80 -120 
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Because of the complex glass transition phenomena of bitumen 
and some polymer modifiers as analysed above, we cannot 
generally claim a clear dynamic asymmetry between bitumen and 
polymer modifiers just from their Tgs, especially for the popular 
SBS modified bitumen. So the discussion has to go further to a 
more fundamental level, i.e. the characteristic rheological time τt, 
since it is the τt difference that directly contributes to a dynamic 
asymmetry. But the available τt data that can be compared between 
bitumen and polymer modifiers under the same conditions are 
unfortunately rare. Even if some data is available, the difference 
between them still cannot show a clear picture of dynamic 
asymmetry effects, as the effects of dynamic asymmetry is related 
to the quench conditions. However, some research on stress 
relaxation of PMB (e.g. Adedeji et al. 1996; Anderson, Christensen, 
Roque, & Robyak, 1992; Gahvari, 1997; Navarro, Partal, Martínez-
Boza, & Gallegos, 2004; Uddin, 2003) did give several quantitative 
trends that could be used to identify the slow component and fast 
component in PMB. Adedeji et al. (1996) investigated the stress 
relaxation of SBS modified bitumen and found that the unmodified 
bitumen shows faster stress relaxation than modified ones. 
Anderson et al. (1992) and Gahvari (1997) generally claimed that 
polymer modification leads to extension of the relaxation 
phenomenon to longer periods of time. So specifically in SBS 
modified bitumen, SBS presumably is a slower component and 
bitumen is a faster component. 

Regarding the second research question, it should be mentioned 
here that the thermal history, in other words the extent and rate of 
cooling or heating, has a significant influence on the phase 
behaviour of PMB (Soenen et al., 2008, 2010). The effects of 
dynamic asymmetry are thus also related to the thermal history 
and should thus be considered in any model attempting to model 
this behaviour. When the temperature jump is small or slow, 
dynamic asymmetry might just lightly affect the phase separation 
process. But for big and fast temperature jumps, the effects could 
be expected to become more significant. So the dynamic 
asymmetry effects on PMB phase separation should be specifically 
analysed under the usual conditions of PMB production, transport 
and storage. 
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Based on the above discussions in this section, we still cannot 
make a clear claim that the influences of dynamic asymmetry are 
big enough on the phase separation process in PMB though we did 
find some strong indications. Therefore, in order to evaluate the 
influences, a more detailed study of the effects of viscoelasticity on 
phase separation dynamics of PMB is proposed, in which time-
resolved small angle scattering (light, neutron or X-ray) and 
microscopy can be employed as possible techniques. In the 
investigation by Varma et al. (2002), time-resolved light scattering 
was used to research the phase separation dynamics of SBS 
modified bitumen. They suggested the phase separation in SBS 
modified bitumen presumably happened by spinodal 
decomposition in their research. But they failed to capture the 
early stage of spinodal decomposition, most probably because the 
early stage was too fast. So in the next section, we continue our 
investigation with focus on the processes after the early stage. 

 
4.3. Image analysis of related data on dynamic 

asymmetry effects 
 
Blends of classical (or viscous) fluids usually show self-similar 
growth at the late stage of phase separation. Depending on the 
blend composition, the phase separation process can display a 
bicontinuous or droplet pattern. When there is no big difference in 
volume fraction between the two phases (in other words: both are 
around 50%), it displays a bicontinuous pattern. Otherwise, a 
droplet pattern with a continuous matrix is displayed. It is usually 
the minority phase that forms the droplets. However, Adedeji et al. 
(1996) investigated the morphology of SBS modified bitumen by 
transmission electron microscopy (TEM) and found that the 
minority SBS-rich phase ‘surprisingly’ formed the continuous 
matrix in their research. This phenomenon can hardly be 
interpreted by theories for the fluid model or viscous fluid model. 
But by employing the viscoelastic model, it is expected that the 
slower SBS-rich phase might form an elastic network structure at 
the intermediate stage due to the domination of elastic energy. 
Furthermore, it could be predicted that the SBS-rich network 
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structure would break down if the phase separation process 
continued. So phase inversion may happen in some SBS modified 
bitumen. 

In addition, for blends of classical (or viscous) fluids, the 
coarsening process at the late stage of phase separation can be 
described with scaling laws. But for viscoelastic phase separation, 
because of volume shrinking of the slow phase, scaling laws do not 
apply for the whole process after the early stage. Due to this 
difficulty, there has been no analytical theory on domain 
coarsening of viscoelastic phase separation so far (Tanaka, 2012). 
Thus, pattern development during viscoelastic phase separation is 
usually evaluated qualitatively. Although Varma et al. (2002) 
analysed the coarsening process of SBS modified bitumen in the 
context of power law scaling and concluded that the hydrodynamic 
effect plays a dominant role at the late stage, it might also be the 
case of the late stage for viscoelastic phase separation after the 
elastic network structure of the slow phase breaks down. 
Consequently, the observation of volume shrinking during phase 
separation becomes the key issue for the investigation of the 
dynamic asymmetry effects in SBS modified bitumen. 

Employing fluorescence microscopy, Soenen et al. (2008) 
studied the pattern development of SBS modified bitumen during 
isothermal annealing at 140 °C after fast cooling (about 35 °C/min) 
from 200 °C. The sample was a thin film prepared with 70/100 
bitumen and SBS copolymers. In this, the SBS content was 5 wt%. 
Microscopic images clearly indicated that a continuous SBS-rich 
network structure with bitumen-rich droplets formed at the 
intermediate stage of isothermal annealing. Based on the 200× 
magnified images by Soenen et al. (2008), we used the image 
analysis tool ImageJ (Schneider, Rasband, & Eliceiri, 2012) to 
segregate the SBS-rich phase from the bitumen-rich phase, 
focusing on images with network structure at the intermediate 
stage where sharp volume shrinking was most likely to occur. The 
segregated SBS-rich phases are shown on the blue background in 
Figure 2. Because the thickness of the film sample used for 
observation was less than 0.5 μm, the area fraction of segregated 
SBS-rich phase can be justified to represent the volume fraction of 
SBS-rich phase. By measuring the area of bitumen-rich phase with 
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ImageJ, the area fraction of SBS-rich phase was calculated, as 
shown in Figure 3. 

 

        
(a) 300s                                                             (b) 900s 

        
(c) 1800s                                                           (d) 5400s 

Figure 2. Segregated SBS-rich phases by ImageJ during 
isothermal annealing at 140 °C, based on the 200× 
magnified images by Soenen et al. (2008). 

 
Although the values do not perfectly decrease and some errors 

might exist due to non-optimal contrast of the images, Figure 3 
exhibits a downward trend in the area fraction of the SBS-rich 
phase during isothermal annealing at 140 °C. This means that 
volume shrinking of the slower SBS-rich phase may happen in 
some SBS modified bitumen, possibly due to the continuing 
diffusion of light bitumen components from the slower SBS-rich 
phase to faster bitumen-rich phase. It can also be seen from Figure 
3 that area fraction of the SBS-rich phase is much higher than the 
actual SBS content in the sample. This might be caused by the 
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swelling of the SBS-rich phase after absorbing the light 
components of bitumen. Similar results were also obtained by 
Sengoz, Topal, & Isikyakar (2009). Additionally, in this case, there 
was no big difference in volume fraction between the two phases. 
Specifically for the images at 900s, 1800s and 5400s, a 
bicontinuous pattern or a SBS-rich droplet pattern with 
continuous bitumen-rich matrix should be displayed, according to 
theories for the fluid model and viscous fluid model. But in the 
microscopic images, it is actually the slower SBS-rich phase that 
formed the continuous network structure with bitumen-rich 
droplets, which is only predictable by the viscoelastic model. Based 
on the above discussion, it can thus be claimed that some features 
of viscoelastic phase separation are shown during the phase 
separation process in some PMBs. However, to make a more valid 
and more general conclusion on this, more research still needs to 
be done in which the influences of several parameters should be 
further explored. 

 

 
Figure 3. Area fractions of the SBS-rich phase during 

isothermal annealing at 140 °C. 
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5. A proposal of viscoelastic model for 
phase separation in polymer modified 
bitumen 
 
Since tendencies of viscoelastic phase separation are shown in 
some PMBs, it is reasonable to hypothesize that phase separation 
in these PMBs can be described by a viscoelastic model. So here, 
we start the discussion of the development of a viscoelastic model 
for phase separation in PMB. As generality was claimed for the 
viscoelastic model, the model being developed is expected to hold 
even when the dynamic asymmetry effects are not that significant. 
Considering PMB as a pseudo-binary blend, we can have a two-
component model for PMB with polymer and bitumen. 

One possible approach to the viscoelastic model, among others, 
can be the development of a two-fluid model for PMB. By 
assuming composition-dependant mobility and forces that act on 
the two components, the effects of dynamic asymmetry can be 
introduced into the energy relation under incompressible 
condition. Then, the equations of motion would be obtained by 
analysing the energy relation. In such a case, the viscoelastic stress 
tensor in the equations should be supported by both the polymer-
rich and the bitumen-rich phase; and should include both the 
shear stress and bulk stress components. Due to the asymmetric 
stress division between the two components, the effects of the 
viscoelastic stress would be expressed separately. Based on the 
ground work described in this thesis, the continuation of this 
research will be focusing on the model development and validation 
for PMB. Having such a model available is expected to have a 
positive effect on designing PMB binders to ensure their storage 
and transport stability and enhance the predictability of their long-
term performance, which can have a significant impact on the 
sustainability of roads using these materials. 
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6. Conclusions and future work 
 
This thesis reviewed the most popular polymers for bitumen 
modification and initiated the development of a viscoelastic model 
for phase separation in PMB. The structure and phase diagram of 
PMB as a blend were hereby analysed. The effects of dynamic 
asymmetry on phase separation in PMB were discussed with their 
related theories and supported by some image data. Based on the 
research performed so far, the following conclusions can be drawn: 

(1) Polymer modification has been proven by many researchers to 
be an effective way to improve bitumen properties to some 
extent and has been widely used in practice. However, the 
currently popular polymer modifiers still have various 
disadvantages, limiting thus their successful application. 
Occurrences of several important problems with bitumen 
polymer modification are still not well understood, such as the 
storage instability problem. 

(2) When studying the phase separation process in PMB, the 
effects of dynamic asymmetry between bitumen and polymer 
should be taken into consideration. Due to the influence of 
thermal history and the complex glass transition phenomena of 
bitumen and some polymer modifiers, it is not possible to 
claim important dynamic asymmetry effects just from the 
difference in Tg or characteristic rheological time τt. 

(3) By analysing related literature and image data, it is found that 
some features of viscoelastic phase separation are shown 
during the phase separation process in some PMBs, i.e. the 
network structure formation and downward trend in volume 
fraction of the slower phase at the intermediate stage. So it is 
reasonable to hypothesize that phase separation in these PMBs 
can be described by a viscoelastic model, although more 
research still needs to be performed to confirm this hypothesis. 
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In the continuation of this research, in order to achieve a clear 
understanding of PMB phase behaviour, theoretical and practical 
predictions, a viscoelastic model for phase separation in PMB will 
be developed in which composition-dependant mobility, shear and 
bulk stress will be important driving forces. In this, the stress-
diffusion coupling is expected to play a key role in the model and 
makes it different from currently existing PMB phase separation 
models, which have proven not capable of addressing several PMB 
phenomena. In addition to the development of a two-fluid model 
for PMB, more possible approaches will be explored to ensure the 
applicability of the model for PMB blends and contribute to the 
future development of sustainable, long-term controllable 
asphaltic roads. 
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