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I 
 

Abstract 
 
Polymer-modified bitumen (PMB) is a high-performance material for 
road construction and maintenance. But its storage stability and phase 
separation behaviour are still not sufficiently understood and need to be 
studied toward a more successful and sustainable application of PMB. In 
this thesis, the equilibrium thermodynamics and phase separation 
dynamics of PMB are investigated with the aim at a fundamental 
understanding on PMB storage stability and phase separation behaviour. 
The development of polymer modifiers for paving bitumen is reviewed. 
The phase separation process in unstable PMBs is captured by 
fluorescence microscopy at the storage temperature (180 °C). A coupled 
phase-field model of diffusion and flow is developed to simulate and 
predict the PMB storage stability and phase separation behaviour. The 
temperature dependency of PMB phase separation behaviour is modelled 
by introducing temperature-dependent model parameters between 
140 °C and 180 °C. This model is implemented in a finite element 
software package and calibrated with the experimental observations of 
real PMBs. The results indicate that storage stability and phase 
separation behaviour of PMB are strongly dependent on the specific 
combination of the base bitumen and polymer. An unstable PMB starts to 
separate into two phases by diffusion, because of the poor polymer-
bitumen compatibility. Once the density difference between the two 
phases becomes sufficiently significant, gravity starts to drive the flow of 
the two phases and accelerates the separation in the vertical direction. 
The proposed model, based on the Cahn-Hilliard equation, Flory-Huggins 
theory and Navier-Stokes equations, is capable of capturing the stability 
differences among the investigated PMBs and their distinct 
microstructures at different temperatures. The various material 
parameters of the PMBs determine the differences in the phase 
separation behaviour in terms of stability and temperature dependency. 
The developed model is able to simulate and explain the resulting 
differences due to the material parameters. The outcome of this study 
may thus assist in future efforts of ensuring storage stability and 
sustainable application of PMB. 
 

Keywords 
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Sammanfattning 
 

Polymermodifierade bitumen (PMB) är ett högpresterande material för 
väganläggning och underhåll. Men PMB:s lagringsstabilitet och 
fassepareringsegenskaper är inte tillräckligt förstådda än och behöver 
studeras för en mer framgångsrik och hållbar användning av PMB. I 
denna avhandling studeras termodynamisk jämvikt och fasseparation av 
PMB med målsättning att uppnå en grundläggande förståelse av PMB:s 
lagringsstabilitet och fassepareringsegenskaper. Utvecklingen av 
polymermodifierade bitumen sammanfattas. Fasseparationsprocessen av 
instabil PMB:s studeras med hjälp av fluorescens mikroskopi vid 
lagringstemperatur (180 °C). En kopplad fas-fälts modell som beskriver 
diffusion och flöde har utvecklats för att simulera och förutsäga PMB:s 
lagringsstabilitet och fassepareringsegenskaper. Temperaturberoendet 
hos PMB:s fasseparation har beskrivits genom att införa 
temperaturberoende modellparametrar mellan 140 °C och 180 °C. Denna 
modell är införd i ett finit element program och kalibrerad med 
experimentella observationer på verkliga PMB. Resultaten indikerar att 
lagringsstabiliteten och fasseparationen hos PMB är starkt beroende av 
den specifika kombinationen av basbitumen och polymer. En instabil 
PMB börjar separera i två faser genom diffusion, beroende på dålig 
bitumen-polymer kompatibilitet. När skillnaden i densitet mellan de två 
faserna blir tillräckligt stor kommer gravitationen att driva flödet av de 
två faserna och accelerera separationen i vertikalled. Den föreslagna 
modellen, baserad på Cahn-Hilliards ekvation, Flory-Huggins teori och 
Navier-Stokes ekvation, kan beskriva stabilitetsskillnaderna mellan de 
undersökta PMB:erna och deras distinkta mikrostruktur vid olika 
temperaturer. De olika materialparametrarna hos PMB bestämmer 
skillnaden i fassepareringsegenskaper i termer av stabilitet och 
temperaturberoende. Den utvecklade modellen kan simulera och förklara 
de resulterande skillnaderna på grund av materialparametrarna. 
Resultatet av denna studie kan bidra till att säkerställa lagringsstabilitet 
och hållbara applikationer för PMB. 
 

Nyckelord 
Polymermodifierad bitumen; Lagringsstabilitet; Fasseparation; 
Fluorescensmikroskopi; Fas-fälts modellering 
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1. Introduction 
 
1.1. Background 
 
Bitumen has been used for thousands of years as an engineering material. 
After the early 1900s, the world consumption of bitumen increased 
rapidly. Most of the consumed bitumen was used as the binder for road 
construction and maintenance (Asphalt Institute and Eurobitume, 2011). 
However, the crude oil resources for producing high-quality bitumen are 
limited and the demand on good road performance has increased during 
the last few decades. Thus, the asphalt industry, road authorities and the 
related researchers have paid a lot of attention on bitumen modification 
in order to balance the life-cycle cost and service performance of roads. 
Among all attempted methods for paving bitumen modification, polymer 
modification is one of the most popular approaches. 

The production of polymer-modified bitumen (PMB) entails a two-
phase blend of the bitumen and the polymer modifier. For example, the 
manufacture of styrene-butadiene-styrene (SBS) modified bitumen starts 
with adding SBS modifier into the preheated bitumen (usually 180 °C); 
and then the modifier disperses in the bitumen by low shear stirring or 
high shear milling, depending on the modifier form (powder or pellet). 
After dispersion, the polymer swells (or partially dissolves) by absorbing 
certain components of bitumen. In order to get a well-structured product, 
stirring may be required during the swelling process. After sufficient 
swelling of the polymer, quality control tests are carried out and the 
qualified products are stored for a short term or directly transported to 
the construction sites. The temperature for short-term storage and 
transport of SBS-modified bitumen remains the same as the manufacture 
temperature, usually 180 °C. 

As bitumen and polymer modifiers are naturally different and their 
properties may vary from one source to another, the polymer swelling 
process and PMB phase behaviour after the swelling may be different  
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from case to case. Some bitumen and polymer modifiers are quite 
compatible with each other, so they can lead to the preferred storage-
stable PMB products. However, some other combinations may show to 
have storage instability problem. The separation of polymer from the 
bitumen during PMB storage and transport is essentially a phase 
separation process, i.e. the separation of the polymer-rich phase from the 
bitumen-rich phase. 

The phase separation in an unstable PMB is a complex process 
controlled by many factors. Diffusion and flow may be the main mass 
transfer modes in this process. In some cases, dynamic asymmetry 
between the bitumen and polymer may influence the mass transfer 
processes. Due to the polymer-bitumen density difference, the gravity 
affects the PMB phase separation in the vertical direction. In the case of 
crystalline or semicrystalline polymer modifier, e.g. polyethylene (PE) 
and polypropylene (PP), the polymer crystallization process may become 
important. With the use of chemically reactive additives (e.g. sulphur), 
chemical reactions certainly affect the phase separation. Last but not least, 
the thermal condition, i.e. the temperature level and its changing rate 
during phase separation, has significant effects on almost every factor 
mentioned above. Unfortunately, a clear understanding on how these 
factors affect this complex process has so far still not been sufficiently 
reached. This today still limits the successful application of PMB and thus 
reduces some of the potential positive impacts this technology could have 
on the pavement industry and the road network. 

 
1.2. Aims and Scope 
 
On the basis of the appended scientific articles, this thesis is compiled 
with its aim at contributing to a fundamental understanding on PMB 
storage stability and phase separation behaviour. In order to reach this 
aim, the specific research objectives are to: 

• Perform a comprehensive and critical state-of-the-art review on 
polymer modification of paving bitumen; 

• Experimentally characterize the phase separation process in PMB 
and identify the driving forces for the separation; 

• Develop a numerical model that is able to predict PMB storage 
stability and describe the PMB phase separation behaviour; 
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• Numerically investigate the temperature dependency of PMB 
phase separation behaviour; and 

• Study the coupling between different driving forces for PMB 
phase separation and its effect on PMB storage stability. 

The focus of this thesis is the paving PMB. PMBs for other purposes 
(e.g. roofing) are out of the scope of this thesis, as they may have different 
properties compared to the material used for paving of roads. The 
experiments presented and used for model calibration, as shown in the 
following chapters, are based on SBS-modified bitumen. But this does not 
mean that the proposed numerical model is only valid for SBS-modified 
bitumen. The model has the potential of being applied for other PMBs, as 
long as all the conditions are fulfilled. Additionally, it is worth mentioning 
that this thesis concerns the temperature range between 140 °C and 
180 °C. Of the investigated temperatures, 180 °C stands for a normal 
PMB storage temperature; 160 °C corresponds to a lower temperature for 
long time PMB storage in order to avoid polymer degradation; and 140 °C 
may help to understand the effect of cooling during the construction 
process. Within this temperature range, PMB is considered as a pseudo-
binary blend. 

 
1.3. Thesis Outline 
 
This thesis consists of seven chapters. After this opening chapter, Chapter 
2 gives a comprehensive overview of the development of bitumen polymer 
modification over the last 40 years. In Chapter 3, fluorescence 
microscopy is used to observe the morphology of four different SBS-
modified bitumen binders and capture the phase separation process in 
the unstable PMBs at the storage temperature. Chapter 4 describes the 
development of a phase-field model for storage stability and phase 
separation behaviour prediction of common PMBs. Chapter 5 numerically 
investigates the effects of thermal condition on PMB phase separation 
between 140 °C and 180 °C. Chapter 6 presents a coupled diffusion-flow 
model and simulates the gravity-driven flow in PMB at the storage 
temperature. Finally, Chapter 7 summarizes the findings and gives 
recommendations for future work. 
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2. State of the Art 
 
This chapter reviews firstly some popular plastomers and thermoplastic 
elastomers for paving bitumen modification. After that, focus is placed on 
PMB storage stability and phase separation behaviour. 

 
2.1. Popular Polymers for Bitumen Modification 
 
Before reviewing the popular polymer modifiers, it is worth noting that 
even for a given polymer modifier, selection of base bitumen still has very 
important effects on the resulting PMB, as each bitumen has its own 
particular chemical composition and structure. In addition, base bitumen 
usually composes over 90% of the PMB by weight, which could introduce 
overriding influences on the final properties of the PMB. 

Bitumen polymer modification has a long history. Even before refined 
bitumen was produced, people began to modify natural bitumen and 
some patents were granted for natural rubber modification (Morgan and 
Mulder, 1995; Isacsson and Lu, 1995; Lewandowski, 1994; Yildirim, 
2007). 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 paving bitumen modification 
can be classified into two categories: plastomers and thermoplastic 
elastomers. Some popular polymers for this are listed in Table 2.1 with 
their advantages and disadvantages. 

 
2.1.1. Plastomers 
 
As an important category of plastomers, polyolefin is one of the earliest 
used modifiers for bitumen. After polyolefin materials are added into 
bitumen, they are usually swollen by certain components of bitumen. If 
the polymer content is low, a biphasic structure is formed with a 
dispersed polyolefin-rich phase in the continuous bitumen-rich matrix. 
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Table 2.1. Popular polymers for paving 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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As the polyolefin concentration increases, phase inversion may occur in 
some cases. Two interlocked continuous phases are preferable for 
polyolefin-modified bitumen, which could improve the properties of 
bitumen to some extent. Those used materials, mainly PE and PP, were 
usually found to result in high stiffness and good rutting resistance of 
modified bitumen (Polacco et al., 2005), although they are different in 
chemical structures as shown in Figure 2.1. 

 
Figure 2.1. Structures of polyethylene (PE) and polypropylene (PP). 

 
However, those used polyolefin materials failed to significantly 

improve the elasticity of bitumen (Isacsson and Lu, 1995). In addition to 
this, their regular long chains give them a high tendency to pack closely 
and crystallize. This could lead to a lack of interaction between the 
bitumen and polyolefin and result in the instability of the modified 
bitumen. Furthermore, some researchers claimed that the compatibility 
of polyolefin with bitumen is very poor because of its non-polar nature 
(Polacco et al., 2006a). As a result, the limited improvement in elasticity 
and potential storage stability problems of polyolefin-modified bitumen 
restrict the application of polyolefin as a paving bitumen modifier, 
whereas they are popular in production of impermeable membranes. 

More popular plastomers in paving bitumen modification are ethylene 
copolymers, such as ethylene-vinyl acetate (EVA) and ethylene-butyl 
acrylate (EBA). Due to their similar chemical structures, EVA is discussed 
here as an example of ethylene copolymers. As seen in Figure 2.2, EVA 
copolymers are composed of ethylene-vinyl acetate random chains. 
Compared with PE, the presence of polar acetate groups as short 
branches in EVA disrupts the closely packed crystalline microstructure of 
the ethylene-rich segments, reduces the degree of crystallization and 
increases the polarity of the polymer. This was believed to be beneficial to 
improving the storage stability of modified bitumen by some researchers 
(Polacco et al., 2006a). However, the properties of EVA copolymers are 
closely related to the vinyl acetate content. When the vinyl acetate content 
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is low, the degree of crystallization is high and the properties of EVA are 
quite similar to those of low-density polyethylene (LDPE). As the vinyl 
acetate content increases, EVA tends to present a biphasic microstructure 
with a stiff PE-like crystalline phase and a rubbery vinyl acetate-rich 
amorphous phase (Morgan and Mulder, 1995). The higher the vinyl 
acetate content, the higher the proportion of amorphous phase. But the 
degree of crystallization should be controlled carefully when EVA is used 
as a bitumen modifier, because neither too low (getting easy to be 
disrupted) nor too high (causing the lack of interactions with bitumen) 
degree of crystallization is good for bitumen modification. 

 
Figure 2.2. Structure of ethylene-vinyl acetate (EVA). 

 
The structure with two interlocked continuous phases is also preferred 

for EVA-modified bitumen. With such a structure, the binder properties 
could be improved to a large extent. EVA was found to form a tough and 
rigid network in the modified bitumen which can help resist deformation 
(Sengoz et al., 2009). This means that EVA-modified bitumen has an 
improved resistance to rutting at high temperatures. Although some 
properties of bitumen are enhanced by EVA modification, there are still 
some problems limiting its application. One large limitation is the fact 
that EVA cannot much improve the elastic recovery of bitumen, due to 
the plastomer nature of EVA (Becker et al., 2001; Isacsson and Lu, 1995). 

Furthermore, the glass transition temperature (Tg) of EVA copolymers, 
which strongly depends on the vinyl acetate content (Stastna et al., 2003), 
is not low enough to significantly improve the low-temperature properties 
of bitumen. It was reported that Tg of EVA copolymers with 28.4 wt% of 
vinyl acetate is -19.9 °C (Champion et al., 2001), which is even quite close 
to Tg of some base bitumen. As a result, EVA’s ability to improve the low-
temperature properties of bitumen is rather limited, especially at high 
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EVA concentrations. According to the research by Ameri et al. (2012), 
bitumen’s resistance to low-temperature cracking was increased to some 
extent by addition of 2 wt% or 4 wt% of EVA, but decreased when adding 
6 wt%. In contrast, although EBA could cause potential storage instability 
of modified bitumen (Isacsson and Lu, 1999), its Tg is much lower than 
that of EVA with the same content of co-monomer (vinyl acetate or butyl 
acrylate). It was reported that Tg of EBA copolymers with 33.9 wt% of 
butyl acrylate is -45.9 °C, which led to the higher cracking resistance of 
EBA modified bitumen at low temperatures (Champion et al., 2001). 

Additionally, the melting temperature of ethylene-rich segments in 
EVA copolymers is much lower than the usual preparing temperature of 
modified bitumen. Those rigid crystalline domains could be partially 
broken by the applied shear forces during the preparation (Polacco et al., 
2006a). In order to prepare the ideally modified bitumen by EVA 
copolymers, the temperature limits for the preparation should be 
considered (Airey, 2002). Even so, those ethylene-rich segments still 
could melt and be partially broken by shear when EVA modified bitumen 
is mixed with mineral aggregates before paving, because the usual mixing 
temperature is also much higher than the melting temperature of 
ethylene-rich segments. 

 
2.1.2. Thermoplastic Elastomers 
 
Thermoplastic elastomers are usually more effective than plastomers for 
paving bitumen modification. The most popular thermoplastic elastomers 
as paving bitumen modifiers are SBS copolymers and styrene-isoprene-
styrene (SIS) copolymers. Due to their similar chemical structures, SBS is 
discussed here as an example of thermoplastic elastomers. SBS 
copolymers are composed of styrene-butadiene-styrene triblock chains 
with a biphasic morphology of dispersed rigid polystyrene (PS) domains  
in the continuous flexible polybutadiene (PB) matrix, shown as Figure 
2.3A. The chemical linkages between PS and PB blocks can immobilize 
domains in the matrix. Tg of PS blocks is around 95 °C and Tg of PB blocks 
is around -80 °C (Zanzotto et al., 2000). Under the usual service 
temperatures of paving bitumen, PS blocks are glassy and contribute to 
the strength of SBS while PB blocks are rubbery and offer the elasticity 
(Lucena et al., 2004). Furthermore, the incompatibility between PS and 
PB blocks makes it possible to physically crosslink PS blocks as uniformly 
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distributed domains by intermolecular forces at ambient temperatures. 
This aggregation of PS blocks disappears at high temperatures when the 
kinetic energy of molecular thermodynamic movements is greater than 
the energy of intermolecular forces (Zhang et al., 2008). However, as 
shown in Figure 2.3, the physical crosslinking among PS blocks can be 
reformed after cooling. The strength and elasticity of SBS can be restored, 
which is very important for SBS to be a popular bitumen modifier. 

 
Figure 2.3. Structure of styrene-butadiene-styrene (SBS) copolymer 

and a schematic illustration of the reversible crosslinks in SBS. 
 

After SBS copolymers are added into bitumen, some interactions 
happen between bitumen and SBS. Masson et al. (2003) reported that 
intermolecular interactions between bitumen and the PB blocks are 
stronger than those with the PS blocks. They claimed that PB blocks 
interact with positively charged groups in bitumen through their π-
electrons, whereas PS blocks interact with electron-rich groups in 
bitumen through their aromatic protons. Mixed with bitumen, PS blocks 
in SBS copolymers may absorb some saturated branches and a few rings 
in light components of bitumen (Chen et al., 2002; Airey, 2003), which 
leads to the swelling of PS blocks and the hardening of bitumen. When 
the polymer content is low, SBS is dispersed as a discrete phase in the 
bitumen. As the SBS concentration increases, phase inversion may start 
in the modified bitumen. It is ideal to form two interlocked continuous 
phases: bitumen-rich phase and SBS-rich phase. Within the SBS-rich 
phase, there are two subphases: swollen PB matrix and essentially pure 
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PS domains. Once the SBS-rich phase forms, a rubbery supporting 
network is created in the modified bitumen, which results in the 
increased complex modulus and viscosity, improved elastic response and 
enhanced cracking resistance at low temperatures of SBS-modified 
bitumen. 

The reported excellent properties, relatively good dispersibility (or 
appropriate solubility) in bitumen and acceptable cost have made SBS 
popular as a paving bitumen modifier. However, SBS copolymers are far 
from an ideal modifier. For example, the compatibility between bitumen 
and SBS is not that good (Wang et al., 2010; Wen et al., 2002; Galooyak 
et al., 2010). Airey (2003) claimed that thermoplastic elastomers and 
asphaltenes compete to absorb the light components of bitumen in SBS-
bitumen blends. If these light components are insufficient, phase 
separation could occur in modified bitumen. It was noted that bitumen 
with high aromatics content can be helpful in producing compatible and 
stable SBS-modified bitumen (Kraus, 1982). The addition of aromatic oils 
can improve the compatibility between SBS and some bitumen with low 
aromatics content (Masson et al., 2003). Too high aromatics content in 
modified bitumen, however, may lead to the swelling and anti-
plasticization of some PS blocks (Wloczysiak et al., 1997), which is not 
good for the final properties of the modified bitumen. 

Another problem with SBS modification of paving bitumen is its low 
resistance to heat, oxidation and ultraviolet (UV) because of the presence 
of double bonds and α-H in PB blocks (Li et al., 2010; Collins and 
Bouldin, 1992). In fact, the instability of SBS copolymers is mainly due to 
the high activity of α-H and low bond energy of the π-bond in double 
bonds. Undesired chemical reactions (e.g. formation of peroxy radicals 
and hydroperoxides) make them sensitive to heat, oxidation and UV. In 
order to overcome this disadvantage, researchers attempted to saturate 
the thermoplastic elastomer. 

Styrene-ethylene/butylene-styrene (SEBS) copolymers, which can be 
obtained by hydrogenation of SBS, consist of triblock styrene-
ethylene/butylene-styrene chains. The chemical saturation makes them 
highly resistant to heat, oxidation and UV. However, as the double bonds 
disappear, some researchers claimed that the polarity of the copolymers 
is considerably reduced (Polacco et al., 2006a). Meanwhile, the 
ethylene/butylene blocks in SEBS have a trend to crystalize (Vargas et al., 
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2005). So the compatibility between SEBS and bitumen was believed to 
become even worse. According to the research by Polacco et al. (2006b), 
stable SEBS-modified bitumen can only be prepared at a low polymer 
content (below about 4 wt% of the total mass) when SEBS acts just as 
filler and does not improve the viscoelastic properties of bitumen 
significantly. On the contrary, when SEBS content is high enough to really 
modify bitumen, the prepared PMB is unstable and tends to phase 
separate. Additionally, extra cost involved by the hydrogenation process 
and poorer elastic properties were observed in SEBS-modified bitumen 
(Polacco et al., 2006a), which further limits its application as a bitumen 
modifier. 

 
2.2. PMB Storage Stability and Phase Separation 
 
The previous sections have reviewed the use of some popular polymer 
modifiers for paving bitumen, including PE, PP, EVA, SBS and SEBS. One 
of the identified common problems was the storage instability of the final 
PMB products, that is, the separation of polymer-rich phase from 
bitumen-rich phase during storage and transport. Since storage stability 
is a primary requirement for all PMBs, understanding the stability-
related behaviour of PMB has always been the interest and focus in this 
research field during the past decades. 

Common methods for characterizing PMB storage stability include the 
‘tube test’ (the European standard EN 13399 and the American ASTM 
D7173-11) and microscopy observation (Isacsson and Lu, 1995; Polacco et 
al., 2015). These tests are believed to be reliable, as they directly measure 
or observe the results caused by the phase separation. But they do not 
demonstrate the reasons for the separation and will thus not contribute to 
knowledge that can lead to prevent the problem from occurring. 

As mentioned above, the phase separation process in an unstable PMB 
is controlled by many factors. Among them, the influence of gravity due 
to polymer-bitumen density difference is believed to be one of the causes 
for PMB phase separation in the vertical direction (Brûlé, 1996; Giavarini 
et al., 1996; Ouyang et al., 2005; Pérez-Lepe et al., 2007). Density 
difference is an important factor for PMB storage stability in the three-
dimensional reality, but the gravity effect does not cover all the reasons 
for PMB phase separation. More significant effects may come from the 
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bitumen composition, polymer chemistry, polymer content and possibly 
many other factors (Lu and Isacsson, 1997; Lu et al., 1999; Masson et al., 
2003; Sun and Lu, 2006). 

By focusing on very thin samples, microscopy is a powerful tool to 
reduce the dimensions (thus can be used for disregarding the influence of 
gravity in the vertical direction) and explore the driving forces for the 
phase separation process in PMB. Many previous studies (Brûlé et al., 
1988; Adedeji et al., 1996; Lu and Isacsson, 1997; Lu et al., 1999; Airey, 
2002, 2003; Varma et al., 2002; Masson et al., 2003, Hernández et al., 
2006; Sun and Lu, 2006; Pérez-Lepe et al., 2007; Sengoz and Isikyakar, 
2008a, 2008b; Soenen et al., 2008, 2009; Sengoz et al., 2009; Oliver et 
al., 2012) employed microscopy to investigate PMB two-dimensional 
morphology and some tried to understand the relationship of PMB 
morphology with polymer-bitumen compatibility and PMB storage 
stability. However, few of these studies have really answered the 
questions what are the reasons for instability and how the separation 
happens in an unstable PMB. 

Many other studies have focused on the evaluation and prediction of 
the polymer-bitumen compatibility and thus the PMB storage stability.  
Some of them (Brûlé et al., 1988; Lu and Isacsson, 1997; Oliver et al., 
2012) employed SARA fractions (i.e. saturates, aromatics, resins and 
asphaltenes) and some derivative compositional parameters. One of the 
widespread derivative compositional parameters is the so called ‘colloidal 
instability index’ 𝐼𝐼𝑐𝑐, defined as 

                          𝐼𝐼𝑐𝑐 = Saturates+Asphaltenes
Aromatics+ Resins

 .                                 (2.1) 

It was believed by many that the base bitumen binders with lower 
asphaltenes content, higher aromatics content or lower 𝐼𝐼𝑐𝑐 value lead to 
more stable PMB products. However, some researchers (Masson et al., 
2003; Polacco et al., 2015) have reported that these criteria can be 
misleading in some cases. Thus, new criteria still need to be developed. 
Because of the complex bitumen composition and its wide variety, using 
only compositional parameters in the criteria might be not enough to 
show the full picture of polymer-bitumen interaction in PMB. Other 
aspects should thus also be taken into consideration. 

Some other studies (Redelius, 2000, 2004; Cong et al., 2008) have 
used solubility parameters for the interpretation and prediction of 
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polymer-bitumen compatibility and PMB storage stability. This theory is 
based on the fact that solvents with similar solubility parameters as the 
solute are usually good solvents for the solute. Both the Hildebrand 
solubility parameter and the Hansen solubility parameters have been 
discussed in the context of PMB. The latter are believed to provide a 
better approximation by taking the polar and hydrogen bonding 
interactions into consideration (Redelius, 2000, 2004). However, the 
difficulty lies in the indirect determination of solubility parameters (or 
the solubility body) for bitumen, due to its complex chemical composition. 

The Hansen solubility parameters and solubility bodies in the three-
dimensional Hansen space are useful tools for analysing the polymer-
bitumen compatibility and thus PMB storage stability. However, it is very 
important to distinguish the solubility body for complete solubility in all 
concentrations from the space for complete solubility in some limited 
concentrations, namely partial (incomplete) solubility in the other 
concentrations. A critical concentration from complete to partial 
solubility exists for every point outside the all-concentration solubility 
body in the Hansen space. In the study by Redelius (2004), the 
construction of the solubility body was actually to find the points (or 
surface) with the critical concentration the same as the given 
concentration. Thus, due to the preferred partial solubility of the polymer 
in bitumen for PMB, a full understanding of polymer-bitumen 
compatibility has to be based on sufficient solubility data of the bitumen 
and polymer in sufficient concentrations at different temperatures. 

Furthermore, even if sufficient solubility data of the bitumen and 
polymer have been obtained in the concerned concentrations at the 
concerned temperatures, the solubility parameters do not give the flux 
information between the two materials during the dissolution process, i.e. 
how much of the bitumen goes into the polymer-rich phase and how 
much of the polymer goes into the bitumen-rich phase. Additionally, 
solubility parameters by themselves give no indication towards how the 
two phases form the microstructure (how coarse or fine it is) and how fast 
(or slow) the dissolution process is. Consequently, more work still needs 
to be done on solubility parameters of bitumen and polymer modifiers 
regarding the use for analysing the polymer-bitumen compatibility. At the 
same time, more approaches to the new criteria for PMB storage stability 
prediction need to be explored. 
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3. Experimental Characterization of PMB 
Storage Stability and Phase Separation 

 
This chapter uses a fluorescence microscopy to observe the morphology 
of four different SBS-modified bitumen binders at the storage 
temperature. The morphological results are discussed and compared with 
the conventional binder test results. Since no separation happens in the 
stable PMBs, in this chapter, research focus is placed on capturing and 
analysing the phase separation processes in the unstable PMBs. The 
discussion leads toward the possibility of having a thermodynamic 
approach to PMB storage stability and phase behaviour prediction. 

 
3.1. Materials and Method 
 
Four base bitumen binders of different sources were used to prepare 
PMBs. They were all of penetration grade 70/100 and were numbered as 
B1, B2, B3 and B4. Their conventional properties are listed in Table 3.1. 
As for the modifier, a linear triblock SBS copolymer (Kraton® D-1101CU) 
without silica powder was used. The weight average molecular weight of 
the SBS copolymer was 189000; the styrene content was about 30%; and 
the fraction of tri- versus diblock copolymer was 0.8. 

Table 3.1. Base bitumen properties. 

Sample B1 B2 B3 B4 
Penetration, 25 °C (0.1 mm) 99 93 86 93 
Softening point, R&B (°C) 43.0 43.2 43.4 45.5 

SARA* fractions (%) 

Saturates 8 7 8 4 
Aromatics 52 55 55 62 
Resins 20 22 22 18 
Asphaltenes 20 16 15 16 

* The SARA fractions (i.e. saturates, aromatics, resins and asphaltenes) were determined 
using thin-layer chromatography with flame ionization detection (TLC-FID). 
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Four PMBs were prepared by respectively mixing 5% SBS copolymer 
(by weight of the blend) with the four base bitumen binders at 180 °C, 
numbered as PMB1, PMB2, PMB3 and PMB4 accordingly. Stirring at 
about 500 rpm was applied for 3 hours during the preparation. After 
preparation, some conventional binder tests were carried out for all the 
four PMBs, including the penetration and softening point tests. Tube test 
for assessing PMB storage stability was conducted according to the 
Standard EN 13399. A summation of the test results is shown in Table 3.2. 

 Table 3.2. Polymer-modified bitumen properties. 

Sample PMB1 PMB2 PMB3 PMB4 
Penetration, 25 °C (0.1 mm) 57 52 56 52 
Softening point, R&B (°C) 76.0 85.0 77.8 65.0 

Storage stability 
tube test, R&B (°C) 

Top 94.5 86.5 54.6 84.2 
Bottom 69.0 86.5 55.6 52.2 
Difference 25.5 0.0 -1.0 32.0 

 

Because SBS copolymer and bitumen naturally have different UV 
excitation responses, the SBS-rich phase exhibits higher fluorescence 
than the bitumen-rich phase when observed with a fluorescence 
microscope. Thus, the SBS-rich phase appears much lighter than the 
bitumen-rich phase under a fluorescence microscope. In this research, an 
Olympus® BX51 fluorescence microscope with a Leica® DC300 camera 
was used to observe the PMB morphology and capture the phase 
separation process. The ‘thin film method’ (Soenen et al., 2008) was used 
for sample preparation. 

The experiment was to observe the morphology of the four PMBs at 
the storage temperature (180 °C) and capture the phase separation 
process in the unstable PMBs. Since those unstable samples had already 
shown separation at 180 °C (PMB1 and PMB4 in this study), in order to 
see how the phase separation actually happened from a well-dispersed 
‘one-phase’ state, the drops of PMB1 and PMB4 were taken from an 
increased temperature, i.e. 200 °C. Drops of PMB2 and PMB3 were taken 
from 180 °C. After the preparation of thin film samples for the four PMBs, 
all the microscope slides were divided into five groups for isothermal 
annealing conditioning. The conditioning was conducted at 180 °C with 
different conditioning time: one group without conditioning and four 
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groups respectively for 5 min, 10 min, 30 min and 60 min. After the 
isothermal annealing conditioning, the slides were left on a conductive 
holder for cooling to the ambient temperature. In order to minimize the 
orientation effects because of sample flowing during the spreading and 
conditioning, the observation was focusing on the possibly original drop 
centre areas of the slides. The procedure of fluorescence microscopy 
observation is shown in Figure 3.1. 

 
Figure 3.1. Procedure of fluorescence microscopy observation. 

 
3.2. Experimental Results and Analysis 
 
Fluorescence microscopy images of the four PMBs during the isothermal 
annealing conditioning are shown in Figures 3.2-3.4. It can be seen that 
PMB2 and PMB3 remained stable along the time, while PMB1 and PMB4 
separated into two phases. This can be correlated with the PMB tube test 
results in Table 3.2. Since the whole processes after the initial states have 
been observed in two dimensions, it would be interesting to see the 
absence of gravity effect in the experiment. As the gravity influence due to 
polymer-bitumen density difference is an important factor for the tube 
test but not necessarily for the microscopy observation, the correlation 
between the results can lead to the hypothesis that the gravity influence 
does not directly cause but accelerates the possible phase separation in 
the vertical direction. This means that an unstable PMB starts to separate 
into two phases because of the poor polymer-bitumen compatibility. Once 
the two phases form sufficiently big density difference, gravity starts to 
play the role and accelerate the separation in the vertical direction. 

 
• Thin film method 
• PMB1 and 4 from 200 °C 
• PMB2 and 3 from 180 °C 

Sampling 

• Isothermal annealing 
• At 180 °C 
• For 0 min, 5 min, 10 min, 

30 min and 60 min 

Conditioning 
 

• Fluorescence 
microscopy 

Observation 
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Figure 3.2. Fluorescence microscopy images of PMB2 and PMB3 

before and after isothermal annealing conditioning at 180 °C. 

Figure 3.2 shows the fluorescence microscopy images of PMB2 and 
PMB3 before and after isothermal annealing conditioning at 180 °C for 
60 min. It can be seen from the images that PMB2 and PMB3 were still 
homogeneous at this scale after isothermal annealing. This was also the 
case for each sample of any other conditioning time between 0 and 60 
min. This means that PMB2 and PMB3 are stable even after some time of 
high-temperature storage. Since no separation happened in the stable 
PMB2 and PMB3, in order to identify the driving forces for PMB phase 
separation and prevent the instability problem from occurring, further 
focus is placed on capturing and investigating the phase separation 
process in PMB1 and PMB4. 

The captured phase separation processes in PMB1 and PMB4 during 
isothermal annealing conditioning at 180 °C are respectively shown in 
Figure 3.3 and Figure 3.4. From Figure 3.3, it can be seen that PMB1 
became homogeneous at 200 °C at this magnification level. During the 
isothermal annealing conditioning at 180 °C, PMB1 separated into a SBS-
rich phase and a bitumen-rich phase. The SBS-rich phase in PMB1 was 
continuous in the beginning stage. However, as the separation process 
continued, the network of SBS-rich phase broke down and the SBS-rich 
phase became dispersed after 60 min. In contrast, the bitumen-rich phase 
in PMB1 formed isolated droplets in the beginning but finally became a 
continuous matrix. This is a typical phase inversion phenomenon. 
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Figure 3.3. Phase separation process in PMB1 during isothermal 
annealing conditioning at 180 °C. The lighter phase is SBS-rich 

phase; and the darker phase is bitumen-rich phase. 

Phase inversion is one main feature of viscoelastic phase separation in 
binary blends. It may happen in some PMBs. This is an inversion process 
that happens over time in one single PMB sample. Some previous studies 
(Airey, 2002; Sengoz and Isikyakar, 2008a; Sengoz et al., 2009) also 
reported another phase inversion phenomenon in PMB, which is an 
inversion process with increasing polymer content in different PMB 
samples. It is important to distinguish these two phenomena, as they may 
have similar names but are different physical concepts. Here in this 
chapter, the phase inversion is due to the dynamic asymmetry between 
bitumen and polymer. This dynamic asymmetry can also lead to another 
feature of viscoelastic phase separation, i.e. volume shrinking of the slow 
phase. This study is currently not focusing on it and will leave it for future 
investigations. However, Figure 3.3 has shown the possible viscoelastic 
effects on PMB phase separation. Some other researchers also reported 
the same conclusion by presenting their own experimental results in a 
recent publication (Xia et al., 2016). Therefore, the dynamic asymmetry 
between bitumen and polymer may affect the PMB phase separation in 
some cases. 

From Figure 3.4, it can be seen that PMB4 still showed a binary 
structure at 200 °C, with SBS-rich droplets in a continuous bitumen-rich 
matrix. During the isothermal annealing conditioning at 180 °C, the SBS-
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rich droplets became coarsened but always kept dispersed. One very 
interesting question arises here: Why do PMB1 and PMB4 show different 
patterns on their fluorescence microscopy images, both made with the 
same polymer content by weight? The most plausible answer is the 
different materials used to prepare the PMBs, i.e. the different base 
bitumen binders. As mentioned in the previous section, polymer 
modifiers usually experience a swelling process during PMB production. 
Even for one single polymer modifier, different base bitumen binders can 
result in different swelling ratios of the polymer, depending on the base 
bitumen composition and its molecular chemistry. Different swelling 
ratios can lead to different volume fractions and concentrations of the 
equilibrium phases. In order to explicitly describe this process, it becomes 
critical to understand the thermodynamics of PMB phase separation. 

 
Figure 3.4. Phase separation process in PMB4 during isothermal 
annealing conditioning at 180 °C. The lighter phase is SBS-rich 

phase; and the darker phase is bitumen-rich phase. 

 
3.3. Thermodynamics of PMB Phase Separation 
 
As a potential approach to the new criteria for PMB storage stability 
prediction, understanding the equilibrium thermodynamics and phase 
separation dynamics of PMB relies on analysing the free energy of PMB 
system and the related parameters. The classic Flory-Huggins theory 
(Flory, 1942, 1953; Huggins, 1942a, 1942b) provides a possibility to look 
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into the free energy of PMB as a pseudo-binary blend. The theory 
originally uses a simple expression for the molar free energy of mixing of 
a binary polymer blend, i.e. 

∆𝑓𝑓𝑚𝑚 = 𝑅𝑅𝑅𝑅 �∅1
𝑁𝑁1

ln(∅1) + ∅2
𝑁𝑁2

ln(∅2) + ∅1∅2𝜒𝜒� ,                     (3.1) 

where ∆𝑓𝑓𝑚𝑚 is the molar free energy of mixing of the blend (per mole of 
segments); 𝑅𝑅 is the universal gas constant; 𝑅𝑅 is the temperature; ∅1 and 
∅2  are local volume fractions of the two polymers; 𝜒𝜒 is the interaction 
parameter between the two polymers; 𝑁𝑁1 and 𝑁𝑁2 are segment numbers of 
the two polymer chains in the Flory-Huggins lattice. The parameters 𝑁𝑁1 
and 𝑁𝑁2, showing the size of the polymer chains, are not necessarily equal 
to but proportional to the degree of polymerization and molecular weight 
of the polymers. The interaction parameter 𝜒𝜒 characterizes the degree of 
interaction between the two polymers and can be calculated with the 
Hansen solubility parameters of the two polymers (Painter, 1993; Lindvig 
et al., 2002; Emerson et al., 2013) by 

𝜒𝜒 = 𝑉𝑉𝑠𝑠
𝑅𝑅𝑅𝑅
�(𝛿𝛿𝐷𝐷1 − 𝛿𝛿𝐷𝐷2)2 + (𝛿𝛿𝑃𝑃1−𝛿𝛿𝑃𝑃2)2

4
+ (𝛿𝛿𝐻𝐻1−𝛿𝛿𝐻𝐻2)2

4
� ,            (3.2) 

where 𝑉𝑉𝑠𝑠 is the molar volume of the segments in the Flory-Huggins lattice; 
𝛿𝛿𝐷𝐷, 𝛿𝛿𝑃𝑃 and 𝛿𝛿𝐻𝐻 are respectively the dispersion, polar and hydrogen bonding 
components of the Hansen solubility parameters of the two polymers 
(subscripts 1 and 2). It is worth mentioning that the Flory-Huggins theory 
assumes weak interactions (dispersion and weak polar forces) for the 
polymers and Equation 3.2 gives good approximations only when the 
weak interactions is dominant in the blend. The results from Redelius 
(2000, 2004) indicated that the dispersion component of bitumen 
solubility parameters is much larger than the polar and hydrogen 
bonding components. This confirms the possibility of using Flory-
Huggins theory and Equation 3.2 in the context of PMB. 

However, as the major component of PMB, bitumen is not a polymeric 
material but a complex mixture consisting of a continuum of relatively 
large hydrocarbons (Redelius and Soenen, 2015). According to a report 
(Painter, 1993) by the American Strategic Highway Research Program 
(SHRP-A-675), when applying the Flory-Huggins theory for bitumen, 
simplification can be made by assuming bitumen as hypothetical chains 
of average segments. In this regard, the hypothetical chains will have an 
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equivalent molecular weight that is different with the actual parameter of 
the bitumen. 

For simplicity, we assume 𝑁𝑁1=𝑁𝑁2=𝑁𝑁 for a PMB here (subscript 1 for 
the polymer and 2 for the bitumen), which is not necessarily true for all 
PMBs but just a convenience here. Under the incompressible condition, 
we have ∅2=1-∅1. Although no available solubility data has been found 
for PMB at the storage temperature, it is believed that the value of 𝑁𝑁𝜒𝜒 
depends on the temperature and the chemical nature of the bitumen and 
polymer. It has the theoretical range where 𝑁𝑁𝜒𝜒≤2.0 results in a single-
well potential and 𝑁𝑁𝜒𝜒>2.0 leads to a double-well potential (Tanaka and 
Araki, 1997; Araki and Tanaka, 2001; Zhou et al., 2006; Kringos et al., 
2011). Defining ∅ as the local volume fraction of the polymer in PMB, 
Figure 3.5 shows results of the molar free energy of mixing of the PMB 
(per mole of chains) at 180 °C (453.15 K) with different 𝑁𝑁𝜒𝜒 values. 

 
Figure 3.5. Flory-Huggins free energy of mixing of PMB at 180 °C. 

When the solubility parameter difference between the polymer and 
bitumen is small, the 𝑁𝑁𝜒𝜒 value can be less than 2.0. It is indicated in 
Figure 3.5 that the free energy of mixing is a single well with 𝑁𝑁𝜒𝜒=1.8. In 
this case, the polymer is completely soluble in bitumen in all 
concentrations. But this case is rare and not a preferred case for PMB in 
reality. As the difference between the polymer and bitumen in solubility 
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parameters becomes larger (𝑁𝑁𝜒𝜒>2.0), the free energy of mixing forms a 
double well which has two minimum points (the dots in Figure 3.5) and 
two inflection points (the squares in Figure 3.5). The minimum points 
decide the composition of the equilibrium phases (one for the bitumen-
rich phase and the other for the polymer-rich phase), as they are the 
optimum and end of the free energy minimization. Thus, the location of 
binodal points at that temperature can be determined on the phase 
diagram. When the same has been done at different temperatures, the 
binodal curve of the PMB then can be plotted on its phase diagram. In 
addition, the spinodal curve can be constructed by plotting the inflection 
points at different temperatures. In this regard, the portion between the 
two inflection points of a double-well free energy curve represents the 
unstable state of the blend; the portions between a minimum point and 
an inflection point mean the metastable state; and the portions beyond 
the minimum points indicate the one-phase state. It is also can be seen 
from Figure 3.5 that, as the 𝑁𝑁𝜒𝜒 value increases from 2.2 to 3.0 (which 
means that the solubility parameter difference enlarges), the interval for 
the unstable state becomes larger and the intervals for the one-phase 
state become smaller. 

Nevertheless, the Flory-Huggins theory is an approximation theory 
which has its limitations. As a consequence, we can see in Figure 3.5 that 
the discussed minimum points and inflection points locate on both sides 
with respect to ∅=0.5. This cannot represent the fact that the polymer 
modifier swells significantly in PMB (the swelling ratio can be up to nine 
according to Sengoz and Isikyakar (2008a)). The reason for the polymer 
swelling in PMB is that the bitumen molecules that go into the polymer-
rich phase from the bitumen-rich phase are much more than the polymer 
chains that go into the bitumen-rich phase from the polymer-rich phase. 
According to the experimental measurement results from Mouillet et al. 
(2008), the local fraction of the polymer in the bitumen-rich phase of a 
common PMB (modified with SBS and ethylene-vinyl acetate, polymer 
content 6% in the study by Mouillet et al. (2008)) is usually less than 1%, 
while the local polymer fraction may range from around 7% to around 12% 
in the polymer-rich phase. This means the minimum points and inflection 
points of the free energy curve of a common PMB usually lie in the very 
beginning portion of the ∅ axis, if defining ∅ as the local volume fraction 
of the polymer in the PMB. More discussion is presented in the next 
chapter for appropriately expressing the free energy of PMBs. 
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4. Phase-Field Modelling of PMB Phase 
Separation at Storage Temperature 

 
Based on the experimental results and discussion in the previous chapter, 
this chapter continues the exploration of a thermodynamic approach and 
describes the development of a phase-field model for storage stability and 
phase separation behaviour prediction of common PMBs. The expression 
of free energy for PMB system is discussed on the basis of the Flory-
Huggins theory. Following the model development, numerical simulation 
results are analysed under various conditions, in order to separately 
identify the influence of every involved model parameter. 

 
4.1. Phase-Field Model for PMB Phase Separation 
 
Since the effects of flow were minimized in the experimental study 
described above, this chapter further explores a diffusion model based on 
the Cahn-Hilliard equation, i.e.  

𝜕𝜕∅
𝜕𝜕𝜕𝜕

= 𝜵𝜵 ∙ 𝑀𝑀(∅)𝜵𝜵𝛿𝛿𝛿𝛿
𝛿𝛿∅

 ,                                        (4.1) 

where ∅ is the local volume fraction of polymer in PMB; 𝑡𝑡 is the time; 
𝑀𝑀(∅) is the mobility coefficient of the phase; and 𝐹𝐹 is the free energy of 
the PMB system. The viscoelastic effects due to the dynamic asymmetry 
between bitumen and polymer are represented in this chapter by 
introducing an ∅-dependent phase mobility coefficient 𝑀𝑀(∅). Under the 
incompressible condition, a linear dependency of the mobility coefficients 
of the polymer and bitumen, 𝑀𝑀𝑝𝑝 and  𝑀𝑀𝑏𝑏 respectively, is postulated as 

𝑀𝑀(∅) = 𝑀𝑀𝑝𝑝∅ + 𝑀𝑀𝑏𝑏(1 − ∅) .                               (4.2) 

Besides the dependency of the mobility coefficient on the local 
composition, the only variable that needs to be determined is the free 
energy of the PMB system. It introduces the thermodynamic effects into 
the model. 
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The expression of the free energy for PMB system has to be based on 
the fact that bitumen is a complex mixture of various molecules. Bitumen 
composition and its molecular chemistry certainly have very strong 
influences on the free energy of PMB system. Since this chapter is 
considering storage stability prediction of common road paving PMBs, 
the discussed temperature level is fixed and quite high, e.g. usually 
around 180 °C for SBS-modified bitumen. At such a high temperature, 
there is actually no coherent microstructure formed in the PMB. 
Consequently, elastic energy (usually generated during solid-solid phase 
transformation) is not involved in this case (Hu and Chen, 2001; Zhu et 
al., 2001). Neither are other forms of long-range free energy. In this 
regard, the free energy 𝐹𝐹 of a PMB system consists of the local free energy 
(its density as 𝑓𝑓𝑙𝑙𝑙𝑙𝑐𝑐) and the gradient energy (its density as 𝑓𝑓𝑔𝑔𝑔𝑔), such that 

𝐹𝐹 = ∫ (𝑓𝑓𝑙𝑙𝑙𝑙𝑐𝑐 + 𝑓𝑓𝑔𝑔𝑔𝑔) 
𝑉𝑉 𝑑𝑑𝑉𝑉 .                                        (4.3) 

where 𝑉𝑉 is the volume of the considered body. The common expression of 
the gradient energy density 𝑓𝑓𝑔𝑔𝑔𝑔  (Chen, 2002; Moelans et al., 2008; 
Tanaka and Araki, 1997; Araki and Tanaka, 2001; Ubachs et al., 2004; 
Zhou et al., 2006), given by 

𝑓𝑓𝑔𝑔𝑔𝑔 = 1
2
𝜅𝜅|𝜵𝜵∅|2  ,                                            (4.4) 

is used in the model. In Equation 4.4, 𝜅𝜅 is the gradient energy coefficient. 

Considering PMB as a pseudo-binary blend, the local free energy of 
the system includes the free energy of pure polymer and bitumen as well 
as the free energy change due to mixing the two components, i.e.  

𝑓𝑓𝑙𝑙𝑙𝑙𝑐𝑐 = 𝑓𝑓0 + ∆𝑓𝑓𝑚𝑚 ,                                            (4.5) 

where 𝑓𝑓0 is the free energy density of pure components (sum of polymer 
and bitumen) and ∆𝑓𝑓𝑚𝑚 is the free energy density change due to mixing. 
For a given blend, the free energy of the pure components keeps constant 
at a fixed temperature. The free energy of mixing can be represented by a 
double-well potential on the basis of the above discussed Flory-Huggins 
free energy of mixing. 

However, the Flory-Huggins theory is an approximation theory for 
which a lattice is used and some simplifying assumptions are made. In 
order to determine the appropriate expression of the free energy for PMB, 
certain simplifications must be made for the PMB system accordingly. 
The common polymer modifiers used in PMB are industrially synthesized 
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products where branching usually happens during the synthesis. In order 
to hypothesize a lattice for PMB, all the polymer chains are simplified into 
straight chains. In the case of copolymer, different structural units exist in 
the polymer chains. A hypothetical lattice for SBS-modified bitumen is 
shown in Figure 4.2A. However, further approximation based on molar 
volume (or molecular weight) of the SBS copolymers still needs to be 
made to have hypothetical chains with single segment size like in the 
lattice for polymer blends (Figure 4.2B). 

 
Figure 4.2. (A) Hypothetical lattice for SBS-modified bitumen. 

Blue=bitumen; red=polystyrene blocks in SBS; and 
green=polybutadiene blocks. (B) Flory-Huggins lattice for polymer 
blends. The red and green colours represent different polymers. 

Bitumen, the other component in PMB, is a complex mixture 
consisting of a continuum of relatively large hydrocarbons. The 
hydrocarbons are different in size, polarity and aromaticity. The exact 
range of molecular size varies from case to case, depending on the 
production process and crude oil source. But it is estimated that the size 
of hydrocarbons in bitumen may range from 20 up to 110 carbons 
(Redelius and Soenen, 2015). In order to hypothesize a lattice for PMB, 
the molecules in bitumen are simplified into molecules of different sizes, 
as indicated in Figure 4.2A. It can be seen that PMB is neither a typical 
polymer solution case nor a typical polymer blend case. 

Furthermore, because of the property diversity, it is not reasonable to 
simply approximate the bitumen molecules into molecules of the average 
size. However, due to the size and chemistry diversity of bitumen 
molecules, configurational entropy can arise from the variety of ways of 
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arranging the bitumen molecules in the lattice, which has similar effects 
as the arrangement of the polymer chains. Thus, it is believed that the 
bitumen molecules in Figure 4.2A can be further approximated into 
hypothetical chains with single segment size like in the lattice for polymer 
blends (Figure 4.2B). In this regard, the hypothetical chains will have an 
equivalent molar volume (and equivalent molecular weight) that is 
different with the actual parameter of the bitumen. 

Additionally, the Flory-Huggins theory does not properly describe the 
swelling of polymer in PMB. This theory gives good approximations on 
the fluxes of the two phases only when the polymer content of the PMB is 
sufficiently high. Due to the complex composition of bitumen, in a given 
PMB, the bitumen molecules might show a continuum of 𝜒𝜒 values with 
the polymer. Some of the molecules may be very interactive with the 
polymer, while some others may be not interactive at all. The polymer 
swells by absorbing the interactive molecules of bitumen, but it is just 
very few polymer chains that go into the bitumen-rich phase. The extent 
of polymer swelling thus depends on the amount of interactive molecules 
in the bitumen. In this regard, for describing the interaction between 
polymer and the hypothetical chain of bitumen, the amount of interactive 
molecules in bitumen becomes as important as the degree of interaction 
between polymer and these interactive molecules. 

Consequently, a new parameter, named dilution parameter in this 
thesis, is introduced into the model as a simplification for taking the 
influence of the interactive molecules amount into account. The meaning 
of this parameter can be interpreted by a hypothetical dilution process. 
Some previous investigations (Brûlé et al., 1988; Fuentes-Audén et al., 
2008) have observed that the swelling ratio of the polymer in PMB 
decreases when the polymer content increases, lightly or sharply 
depending on the material properties and discussed range of polymer 
content. Within the practical range of polymer content in PMB, the 
swelling ratio is relatively high and can be up to nine (Sengoz and 
Isikyakar, 2008a). The assumption is to take a representative part of the 
bitumen like one column of cells in Figure 4.3, which has the same 
composition as the original bitumen, to achieve the high-polymer-content 
interaction between polymer and the hypothetical chain of bitumen 
assumed by the Flory-Huggins theory with respect to a representative 𝜒𝜒 
value. At this moment, the blend represents the case with sufficiently high 
polymer content. After this, all the other parts of the bitumen (i.e. all the 
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other cells in Figure 4.3) are supposed to dilute the blend as a 
simplification for polymer swelling. As the relative amount of interactive 
molecules in bitumen decides how much the representative part is, the 
dilution parameter can thus reflect the influence of the interactive 
molecules amount in bitumen. In this sense, it is a parameter which 
depends on the temperature and the local composition. 

 
Figure 4.3. The dilution assumption for simplifying the modelled 

PMB phase separation process. Each cell in the figure may 
represent different amounts of molecules in the bitumen. 

Based on the above discussion, defining ∅ as the local volume fraction 
of the polymer in PMB and under the incompressible condition, the 
proposed free energy density of mixing for PMB can be expressed by  

∆𝑓𝑓𝑚𝑚 = 𝑅𝑅𝑅𝑅 �𝑧𝑧∅
𝑁𝑁𝑝𝑝

ln(𝑧𝑧∅) + 1−𝑧𝑧∅
𝑁𝑁𝑏𝑏

ln(1 − 𝑧𝑧∅) + 𝑧𝑧∅(1 − 𝑧𝑧∅)𝜒𝜒� ,          (4.6) 

where 𝑁𝑁𝑝𝑝 is the segment number of the polymer chain; 𝑁𝑁𝑏𝑏 is the segment 
number of the hypothetical chain for bitumen; and 𝑧𝑧  is the dilution 
parameter. In the equation, 𝑁𝑁𝑝𝑝  and 𝑁𝑁𝑏𝑏  characterize the molecular size 
(and its distribution for bitumen) of the polymer and bitumen; 𝜒𝜒 
characterizes the degree of interaction between polymer and bitumen; 
and 𝑧𝑧 characterizes the relative amount of interactive molecules in the 
bitumen. It is worth mentioning that the dilution parameter 𝑧𝑧 actually 
includes the effects of polymer content in PMB. 
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4.2. Model Implementation and Parametric Studies 
 
The model described in the previous section has been implemented in the 
finite element software COMSOL Multiphysics®. The numerical 
simulations are performed on a rectangular domain of 1.2 mm×0.9 mm 
meshed with triangular elements. This domain is basically the same size 
as the microscopic images obtained in Chapter 3. Boundary conditions 
are set by having a contact angle of 90° on the four sides of the rectangle. 
Initial values are generated by a normally distributed random function 
with a mean value of 0.05 and a standard deviation of 0.005, as presented 
in Figure 4.4. This means that the polymer content in the simulated PMB 
is 5% by weight with certain variation, if neglecting the density difference 
between the polymer and bitumen. It can be seen from Figure 4.4 that the 
local polymer volume fraction in the PMB can range from 3.11% up to 
7.13%, which is believed to represent the actual initial condition of a real 
PMB. Within the limits, the specific range may vary from case to case 
depending on the parameters. 

 
Figure 4.4. The normally distributed random function with a mean 

value of 0.05 and a standard deviation of 0.005. 

For the model implementation, the mobility coefficients (𝑀𝑀𝑝𝑝 and 𝑀𝑀𝑏𝑏), 
gradient energy coefficient 𝜅𝜅, segment numbers of the chains (𝑁𝑁𝑝𝑝 and 𝑁𝑁𝑏𝑏), 
interaction parameter 𝜒𝜒  and dilution parameter 𝑧𝑧  are needed. 
Theoretically, the mobility coefficient 𝑀𝑀(∅) is a variable related to the 
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interdiffusion (or chemical diffusion) coefficient  𝐷𝐷(∅) between the two 
components (Moelans et al., 2008). If sufficient information is available, 
𝑀𝑀(∅)  can be determined by: 1) experimental measurements of the 
diffusion coefficients or 2) theoretical calculation with the atomic 
mobility coefficients of the constituting elements. As diffusion coefficient 
measurements are still not performed very commonly for PMBs and there 
is still a lack of related thermodynamic and chemical information, this 
chapter uses values of 𝑀𝑀𝑝𝑝  and 𝑀𝑀𝑏𝑏  to determine 𝑀𝑀(∅)  (Equation 4.2), 
instead of direct determination. 

The gradient energy coefficient 𝜅𝜅 is a positive parameter related to the 
interfacial tension and thickness between the phases (if more than one 
phase). Considering the length scale of the interfaces, 𝜅𝜅  can only be 
determined by interactive procedures between computational models and 
available experimental characterization techniques (Kringos et al., 2011), 
which have not been widely reported or studied for PMBs. Due to the lack 
of available data for PMBs, the used values of 𝑀𝑀𝑝𝑝, 𝑀𝑀𝑏𝑏 and 𝜅𝜅 in this chapter, 
representing various conditions, are obtained by preliminary estimation 
based on the reported values for general models and other materials like 
polymer blends and alloys (Ubachs et al., 2004; Badalassi et al., 2003; 
Anders and Weinberg, 2012;  Anders et al., 2012). 

For all the simulations in this chapter, the universal gas constant 𝑅𝑅 
equals to 8.314 J/(mol∙K) and the temperature is constant at 180 °C 
(453.15 K). For 𝑁𝑁𝑝𝑝 and 𝑁𝑁𝑏𝑏, it is postulated that the hypothetical chains for 
bitumen have the same length as the polymer chains. This does not mean 
that the bitumen has the same molecular size as the polymer chains. But 
the complexity of bitumen composition, due to its diversity in chemical 
species, has the same contribution to the configurational entropy as the 
polymer chains. In other words, 𝑁𝑁𝑏𝑏 is not the actual value of the bitumen 
molecular weight but a parameter representing the complexity of the 
bitumen composition. 

In this regard, Equation 4.6 can be reduced into a simple 
mathematical form by setting 𝑁𝑁𝑝𝑝 = 𝑁𝑁𝑏𝑏 = 𝑁𝑁  without affecting the 
minimization of the free energy. Thus, 𝑁𝑁𝜒𝜒 also accordingly scales up into 
the widely reported theoretical range where 𝑁𝑁𝜒𝜒≤2.0 results in a single 
well and 𝑁𝑁𝜒𝜒>2.0 leads to a double well, as discussed in the previous 
chapter. About the dilution parameter 𝑧𝑧, the values can be preliminarily 
estimated based on the reported swelling ratio values of polymer in PMB. 
According to the measurement results by Brûlé et al. (1988), Fuentes-
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Audén et al. (2008), and Sengoz and Isikyakar (2008a), it is believed that 
𝑧𝑧 may range from 5.0 to 9.0 in most cases within the practical range of 
polymer content in PMB. In order to show the influence of each involved 
parameter, parametric studies are conducted with the estimated values 
shown in Table 4.1. In Table 4.1, Cases 4.1-4.3 are intended for studying 
the effects of the mobility and gradient energy coefficients, Cases 4.4-4.6 
together with Case 4.1 for studying the interaction and dilution 
parameters, and Cases 4.7-4.9 for stable systems. A constant 𝑁𝑁 value is 
assumed for all these cases. The change of 𝑁𝑁𝜒𝜒 thus reflects the change of 
the interaction parameter χ here. In addition, the independency between 
𝑀𝑀𝑝𝑝 and 𝑀𝑀𝑏𝑏 is hereby not investigated in the parametric study cases. This 
means that 𝑀𝑀𝑝𝑝 and 𝑀𝑀𝑏𝑏 always varies with the same rate between the cases 
in this chapter, instead of individual rates. 

Table 4.1. Parametric study cases. 

Cases 𝑴𝑴𝒑𝒑 [m5/(J∙s)] 𝑴𝑴𝒃𝒃 [m5/(J∙s)] 𝜿𝜿 [J/m] 𝑵𝑵𝑵𝑵 𝒛𝒛 
4.1 6.00×10-18 1.80×10-17 4.50×10-5 2.9 8.7 
4.2 2.25×10-18 6.75×10-18 4.50×10-5 2.9 8.7 
4.3 6.00×10-18 1.80×10-17 9.00×10-6 2.9 8.7 
4.4 6.00×10-18 1.80×10-17 4.50×10-5 3.6 8.7 
4.5 6.00×10-18 1.80×10-17 4.50×10-5 2.9 7.0 
4.6 6.00×10-18 1.80×10-17 4.50×10-5 3.6 7.0 
4.7 2.40×10-21 7.20×10-21 9.00×10-7 2.9 8.7 
4.8 6.00×10-18 1.80×10-17 4.50×10-5 1.9 7.0 
4.9 6.00×10-18 1.80×10-17 4.50×10-5 2.1 9.0 

 

Parametric study results on the mobility coefficients (𝑀𝑀𝑝𝑝 and 𝑀𝑀𝑏𝑏) and 
gradient energy coefficient 𝜅𝜅 are shown in Figure 4.5. The effect of 
mobility coefficients can be seen by comparing Case 4.1 and Case 4.2. 
Because Case 4.2 has lower mobility coefficients than Case 4.1, the phase 
separation process occurs more slowly in Case 4.2. It is noticed that the 
result at 1800 s in Case 4.2 is quite similar as the result at 600 s in Case 
4.1. Thus, Case 4.2 allows us to look into the early stage of a fast 
separation. In Case 4.2, the polymer-rich phase (warmer colours) is 
continuous at 300 s. As the separation process continues, the polymer-
rich phase becomes dispersed and coarsens. Since it is only very slight 
dynamic asymmetry between bitumen and polymer that is introduced 
into the model, this phase inversion phenomenon may be just partially 
due to the ∅-dependent mobility coefficient. However, more research still  
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Figure 4.5. Parametric study results on the mobility coefficients and gradient energy coefficient 𝛋𝛋. 
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Figure 4.6. Parametric study results on the interaction parameter 𝛘𝛘 and dilution parameter 𝐳𝐳. 
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Figure 4.7. Parametric study results on the stable cases.
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needs to be done for understanding and incorporating strong viscoelastic 
effects in the model. The inversion process also happens in Case 4.1 
before 300 s. Furthermore, the implication of gradient energy coefficient 
 𝜅𝜅 can be seen by comparing Case 4.1 and Case 4.3. With a lower gradient 
energy coefficient, Case 4.3 displays a finer structure and sharper 
interfaces than Case 4.1. Controlled by the 𝑁𝑁𝜒𝜒  value and dilution 
parameter 𝑧𝑧 , the equilibrium phase composition (polymer volume 
fraction) of all the three cases in Figure 4.5 keeps the same, i.e. 10.7% for 
polymer-rich phase and around 0.9% for bitumen-rich phase. This 
simulation result agrees well with the experimental measurement results 
by Mouillet et al. (2008). 

Assuming a constant 𝑁𝑁 value for all cases, parametric study results on 
the interaction parameter 𝜒𝜒 and dilution parameter 𝑧𝑧 are shown in Figure 
4.6. As 𝜒𝜒 reflects the energy change due to mixing and 𝑧𝑧 characterizes the 
relative amount of interactive molecules in the bitumen, a lower 𝜒𝜒 value 
(i.e. lower energy change and easier interaction) indicates a higher degree 
of interaction between the polymer and bitumen and a higher 𝑧𝑧 value 
means the relative amount of interactive molecules in the bitumen is 
higher. Thus, Case 4.1 and Cases 4.4-4.6 can represent various conditions 
of polymer-bitumen interaction. It can be seen that the four cases in 
Figure 4.6 all have different values of polymer volume fraction as the 
equilibrium phase composition. A lower 𝜒𝜒 value leads to a lower polymer 
fraction in the polymer-rich phase and higher polymer fraction in the 
bitumen-rich phase, whereas a higher 𝑧𝑧 value results in a lower polymer 
fraction in the polymer-rich phase. This reflects the reality in PMBs. 
When the degree of polymer-bitumen interaction is higher, the PMB 
tends to form a more homogeneous blend. If the relative amount of 
interactive molecules in the bitumen is higher, more bitumen molecules 
can interact with the polymer chains and thus reduce the polymer 
fraction in the polymer-rich phase. Since the local composition 
dependency of 𝜒𝜒 has not been introduced into the model in this chapter, 
the effect of 𝑧𝑧  on equilibrium phase composition is still not properly 
shown in the bitumen-rich phase in Figure 4.6. 

In addition, Figure 4.6 also reveals that Case 4.5, with lower 𝜒𝜒 values 
than Case 4.6, takes longer time to reach the equilibrium state. This can 
be interpreted as an indication that with an increasing degree of polymer-
bitumen interaction the separation process becomes more difficult. Last 
but not least, it is obvious from Figure 4.6 that the cases with higher 𝑧𝑧 
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values (Case 4.1 and Case 4.4) have higher area fractions of the polymer-
rich phase in the results. This represents what actually happens in real 
PMBs. When the relative amount of interactive molecules in the bitumen 
is higher, more bitumen molecules can interact with the polymer chains 
and thus form more areas of polymer-rich phase in the PMB. 

Besides the unstable cases (Cases 4.1-4.6), three stable cases (Cases 
4.7-4.9) are also included in the parametric studies, as shown in Figure 
4.7. Case 4.7 represents the thermodynamically unstable case with 
sufficiently low mobility and gradient energy coefficients. In this case, 
phase separation still happens in a very small scale. However, because of 
the extremely fine structure of the pseudo-binary blend, microscopy or 
other available experimental techniques may not be able to capture the 
structure and still recognize it as a stable case for the PMB. Cases 4.8 and 
4.9 are the thermodynamically stable cases. Case 4.8 uses a 𝑁𝑁𝜒𝜒 value less 
than 2.0, which means the degree of polymer-bitumen interaction is high 
enough to have a single well for the free energy of mixing. Thus, an 
absolutely homogeneous structure is formed in the PMB. Case 4.9 uses a 
very high 𝑧𝑧 value and a relatively low 𝑁𝑁𝜒𝜒 value (greater than but close to 
2.0). This means the relative amount of interactive molecules in the 
bitumen is very high and the degree of polymer-bitumen interaction is 
relatively high but not high enough to have a single well for the free 
energy of mixing. So the simulated PMB can lie in the one-phase regime 
on the phase diagram and form an absolutely homogeneous structure. 
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5. Temperature Dependency of PMB Phase 
Separation Behaviour: Numerical Study 

 
The phase separation behaviour of PMB is temperature-dependent, which 
means that a PMB may show different phase separation phenomena at 
different temperatures. This chapter aims to understand the temperature 
dependency of PMB phase separation behaviour and numerically 
investigates the effects of thermal condition on PMB phase separation. 

 
5.1. Temperature Dependency of Model Parameters 
 
Some previous studies (Soenen et al., 2008, 2009; Lu et al., 2010) have 
indicated that the thermal condition has important influences on the 
PMB microstructure. This means that the temperature level and its 
changing rate can significantly affect the phase separation behaviour of a 
PMB. However, a fundamental understanding on how these effects arise 
has still not yet been reached so far. In order to extend the model 
described above for a concerned temperature range instead of a single 
temperature point, the temperature dependency of the model parameters 
is introduced into the model in this chapter. 

Some of the model parameters are dependent on temperature, 
controlling the temperature dependency of the PMB phase separation 
behaviour. This chapter considers the temperature dependency of the 
mobility coefficients (𝑀𝑀), interaction and dilution parameters (𝜒𝜒 and 𝑧𝑧). 
As the temperature dependency of the gradient energy coefficient (𝜅𝜅) may 
be quite weak (Cahn and Hilliard, 1958; Wen et al., 2003), it is currently 
neglected in this chapter. 

Theoretically, the mobility coefficients of different materials (polymer 
and bitumen) are related to their self-diffusion (or tracer diffusion) 
coefficients. According to the reported temperature dependency of the 
self-diffusion coefficient in a general form (Ertl and Dullien, 1973; Holz et  
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al., 2000), this chapter uses an Arrhenius temperature dependency for 
the mobility coefficients of polymer and bitumen, i.e. 

𝑀𝑀 = 𝑀𝑀0𝑒𝑒
− 𝐸𝐸
𝑅𝑅𝑅𝑅 ,                                             (5.1) 

where 𝑀𝑀  is the mobility coefficient; 𝑀𝑀0  is the maximum mobility 
coefficient at infinite temperature; and 𝐸𝐸  is the activation energy for 
mobility. Regarding the interaction parameter, it has been widely 
reported (Russell et al., 1990; Chremos et al., 2014) that the Flory-
Huggins interaction parameter generally has the temperature 
dependency as 

𝜒𝜒 = 𝛼𝛼
𝑅𝑅

+ 𝛽𝛽 ,                                               (5.2) 

where 𝛼𝛼 and 𝛽𝛽 are respectively constants for the enthalpic and entropic 
contributions to the interaction parameter 𝜒𝜒 . As for the dilution 
parameter, it is related to the swelling ratio of the polymer modifier in 
PMB. Some researchers (Brûlé et al., 1988) have reported that the 
polymer swelling ratio increases slightly in PMB, as the temperature 
increases. The dependency is approximately linear. This chapter thus uses 
a simple linear dependency for the dilution parameter, such that 

𝑧𝑧 = 𝑘𝑘𝑅𝑅 + 𝑐𝑐 ,                                                (5.3) 

where 𝑘𝑘 and 𝑐𝑐 are constants. 

 
5.2. Model Calibration for Real PMBs 
 
The finite element software COMSOL Multiphysics® has been used to 
implement the model described in the previous section. The geometry of 
the simulation domain is a rectangle of 2.5 mm × 2.0 mm meshed with 
triangular elements. This domain is basically the same size as the 
microscopic images (magnification 50×, by Soenen et al. (2009) and Lu 
et al. (2010)) that are used for calibration of the model parameters. The 
boundary condition and method for obtaining the initial values keep the 
same as in the previous chapter. 

Four different PMBs (numbered 1-4) are simulated in this chapter 
with the intention of representing the four PMBs experimentally studied 
in Chapter 3 (same PMBs also investigated by Soenen et al. (2009) and 
Lu et al. (2010)). The needed parameters include the maximum mobility 
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coefficients (𝑀𝑀𝑝𝑝0  and 𝑀𝑀𝑏𝑏0 ), activation energies (𝐸𝐸𝑝𝑝  and 𝐸𝐸𝑏𝑏 ), gradient 
energy coefficient (𝜅𝜅), segment numbers of the chains (𝑁𝑁𝑝𝑝 and 𝑁𝑁𝑏𝑏) and the 
constants (𝛼𝛼, 𝛽𝛽, 𝑘𝑘 and 𝑐𝑐) for interaction and dilution parameters. In order 
to get the parameter values for the PMBs, the theoretical ranges of the 
model parameters discussed in Chapter 4 is considered before fixing the 
specific values. After this, the specific values are calibrated within the 
theoretical ranges of the model parameters by the comparison between 
the experimental and numerical results. 

 
Figure 5.1. Microscopy observation (MO) and numerical simulation 

(NS) results of the four PMBs after 1 hour isothermal annealing. 
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Microscopy observation results by Soenen et al. (2009) and Lu et al. 
(2010) are used as the experimental corroboration for model calibration 
in this chapter. As presented in Figure 5.1, the microscopy images display 
the microstructure of the four PMBs after 1 hour isothermal annealing at 
180 °C, 160 °C and 140 °C. It can be seen from the microscopy 
observation (MO) results in Figure 5.1 that the four PMBs show different 
phase separation behaviours. PMB1 and PMB4 separate into two phases 
at 180 °C (the lighter polymer-rich phase and the darker bitumen-rich 
phase), while PMB 2 and PMB3 remain homogeneous at this scale. At 
140 °C, all the PMBs show two-phase structures but the patterns are 
different. For each of the PMBs, the microstructure changes as the 
temperature varies between 180 °C and 140 °C. 

Table 5.1. The calibrated model parameters for the four PMBs. 

Samples 𝑴𝑴𝒃𝒃𝒃𝒃 
[m5/(J∙s)] 

𝑬𝑬𝒃𝒃 
[J/mol] 

𝑵𝑵𝑵𝑵 
[K] 

𝑵𝑵𝑵𝑵 
 

𝒌𝒌 
[K-1] 

𝒄𝒄 
 

PMB1 2.1×10-14 2.7×104 6.5×103 -11.8 3.75×10-2 -7.7 

PMB2 2.0×10-13 3.7×104 7.6×103 -15.4 2.50×10-3 8.9 

PMB3 2.3×10-14 2.3×104 1.6×104 -34.9 1.80×10-1 -69.3 

PMB4 1.2×10-16 7.1×103 2.8×103 -2.7 4.50×10-2 -13.4 

 

In order to calibrate the model parameters for the four PMBs, the 
model described in the previous sections is implemented to reproduce 
these microscopy observation results. The numerical simulations 
represent the same condition as the experimental procedure by Soenen et 
al. (2009) and Lu et al. (2010). The calibrated model parameters are 
shown in Table 5.1, together with 𝑀𝑀𝑝𝑝0=3.2×10-14 m5/(J∙s), 𝐸𝐸𝑝𝑝=3.6×104 
J/mol and 𝜅𝜅=4.50×10-5 J/m. It is worth noting that in Table 5.1 the values 
of 𝑁𝑁𝛼𝛼 and 𝑁𝑁𝛽𝛽 are obtained according to the estimated 𝑁𝑁𝜒𝜒 values with the 
assumption of 𝑁𝑁𝑝𝑝=𝑁𝑁𝑏𝑏=𝑁𝑁 as described in Chapter 4. With these values, the 
numerical simulation (NS) results for the four PMBs are also shown in 
Figure 5.1, following the microscopy images. It is indicated that the phase 
separation behaviours of the PMBs are well reproduced by the model with 
the calibrated parameter values, including the stability differences 
between the PMBs and the microstructure differences between different 
temperatures. Thus, it is believed that the listed parameters in Table 5.1 
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can describe the phase separation behaviours of the four PMBs properly. 
However, the listed values are only valid for the studied temperature 
range, i.e. 140-180 °C. Beyond this range, more discussions are still 
needed. 

The calibrated parameter values give the free energy curves by 
Equation 4.6. Consequently, a theoretical phase diagram of the four 
PMBs can be computed on the basis of the free energy curves. By plotting 
the free energy minimum points at different temperatures, the computed 
phase diagram of the four PMBs (the binodal curves) is obtained and 
presented in Figure 5.2. This phase diagram reveals the phase separation 
behaviours of the four PMBs within the studied temperature range. It will 
be discussed with the numerical simulation results in the following 
sections of this chapter. 

 
Figure 5.2. Computed phase diagram of the four PMBs. 

 



Temperature Dependency  |  41 
 

5.3. Effect of Thermal Condition 
 
The PMB phase separation is simulated under five different thermal 
conditions, numbered 1-5 as in Figure 5.3. They represent three different 
temperature levels (180 °C, 160 °C and 140 °C) and two cooling rates (fast 
cooling 8 °C/min and slow cooling 2 °C/min) between 180 °C and 140 °C. 
All the simulations are run to apply the thermal conditions for 4800 s. 

 
Figure 5.3. Thermal conditions applied in the simulations. 

 
5.3.1. Effect of Temperature Level 
 
The simulation results with Therm.Cond.1-3 (180 °C, 160 °C and 140 °C) 
are shown in Figures 5.4-5.6 respectively. The results disclose the 
influence of temperature level on phase separation behaviour of the 
simulated PMBs. It can be seen in Figure 5.4 that PMB1 and PMB4 
separate into two phases at 180 °C (warmer colours for the polymer-rich 
phase and cooler colours for the bitumen-rich phase), while PMB 2 and 
PMB3 have homogeneous structures even after the high temperature 
storage. According to Equation 5.2 and the material parameters, the 𝑁𝑁𝜒𝜒 
values of PMB1 and PMB4 are greater than 2.0 at 180 °C. Thus, their free 
energy curves are double wells at 180 °C, indicating their thermodynamic 
instability under Therm.Cond.1. In contrast, PMB2 and PMB3 have 𝑁𝑁𝜒𝜒 
values less than 2.0, leading to their single-well free energy curves and 
thermodynamic stability under Therm.Cond.1. 
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Figure 5.4. Numerical simulation results with Therm.Cond.1 (180 °C). 
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Figure 5.5. Numerical simulation results with Therm.Cond.2 (160 °C). 
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Figure 5.6. Numerical simulation results with Therm.Cond.3 (140 °C). 
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For the unstable PMB1 and PMB4, different patterns are shown in the 
simulation results with Therm.Cond.1. The polymer-rich phase forms 
threads in PMB1 but droplets in PMB4. This means the different base 
bitumen binders in PMB1 and PMB4 result in different swelling ratios of 
the polymer modifier, in spite of the same polymer content. According to 
Equation 5.3 and the material parameters, PMB1 has a higher dilution 
parameter than PMB4, showing a higher number of interactive molecules 
in the base bitumen of PMB1 than PMB4. This leads to the higher 
swelling ratio of the polymer in PMB1. In addition, Figure 5.4 gives the 
same values of equilibrium phase composition as indicated in Figure 5.2. 

As the temperature decreases, PMB1 and PMB4 keep the two-phase 
structures but PMB2 and PMB3 become thermodynamically unstable 
through a stability-instability transition, shown in Figures 5.6 and 5.7. A 
lower temperature can only affect the microstructure and composition of 
the equilibrium phases in PMB1 and PMB4. But the temperature drop 
from 180 °C to 140 °C changes the stability of PMB2 and PMB3. At 140 °C, 
PMB2 and PMB3 have 𝑁𝑁𝜒𝜒 values greater than 2.0 according to Equation 
5.2 and the material parameters. This results in the double wells on their 
free energy curves and causes their phase separations under 
Therm.Cond.3. PMB2 and PMB3 show different patterns in Figure 5.6: a 
bicontinuous structure for PMB2 but a droplet pattern with a continuous 
matrix for PMB3. This can be attributed to the higher swelling ratio of the 
polymer in PMB2 than PMB3 at 140 °C, which is controlled by the 
dilution parameters. With Therm.Cond.2, Figure 5.5 displays the 
intermediate states of the PMBs during the thermodynamic transition 
between 180 °C and 140 °C. 

In Figure 5.6, it is interesting to see that PMB3 and PMB4 show 
similar microstructures at 140 °C, although their phase structures are 
completely different with each other at other temperatures. This can be 
interpreted by the computed phase diagram Figure 5.2. At 180 °C, PMB3 
lies in the one-phase regime of its phase diagram, but PMB4 is most 
possibly in its unstable regime. At 160 °C, the bimodal points of PMB3 are 
far away from those of PMB4. However, they come to almost the same 
locations at 140 °C. The different material parameters of PMB3 and 
PMB4 (as in Table 5.1) decide the different temperature dependencies of 
their phase separation behaviour. All these differences are expressed by 
the model and presented in the numerical simulation results. The same 
also applies for PMB1 and PMB2, and probably all PMBs. 
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5.3.2. Effect of Cooling Rate 
 
The effect of temperature level on PMB phase separation behaviour is 
discussed in the previous section. However, PMB phase separation is 
essentially a time-dependent structure evolution process. Consequently, 
the changing rate of the temperature may also have its influence on PMB 
phase separation behaviour. Therm.Cond.4 and Therm.Cond.5 aim to 
investigate the effect of cooling rate on phase separation behaviour of the 
simulated PMBs. The simulation results are shown in Figures 5.7-5.11. 

In Figure 5.7, it can be seen that PMB1 and PMB4 approximately 
follow a similar evolution routine as under the previous thermal 
conditions, although the fast cooling has its impacts on the separation 
process and the final PMB microstructure. But a homogenization process 
occurs in PMB2 and PMB3 during the fast cooling between 0 s and 300 s. 
This homogenization process is due to the transition of the PMBs from a 
thermodynamically stable state to a thermodynamically unstable state 
during the cooling. After the homogenization, PMB2 and PMB3 start to 
separate and form the binary structures at 140 °C. 

Since the model presented in this chapter uses fixed material property 
parameters for a fixed temperature (e.g. 140 °C), it is not unexpected that 
the same temperature leads to the same equilibrium phase composition 
and polymer swelling ratio. As a consequence, the final patterns of the 
PMB binary structures in Figure 5.7 are quite similar as those in Figure 
5.6, though not exactly the same. The final values of the local polymer 
volume fraction in the equilibrium phases in Figure 5.7 are the same as 
the final values in Figure 5.6, essentially controlled by the phase diagram 
of the four PMBs as Figure 5.2. However, the process can be more 
complicated in reality due to the potential effects of the interfacial tension, 
material viscosity and rheology. 

Figures 5.8-5.11 show the PMB structure evolution processes under 
Therm.Cond.5 (with a lower cooling rate). According to Figures 5.8 and 
5.11, both PMB1 and PMB4 start to separate from the very beginning of 
the simulated process. The results in Figures 5.8 and 5.11 indicate the 
influence of the bimodal point change (Figure 5.2) of the PMBs during the 
cooling. After the cooling termination at 1200 s, the PMBs reach the 
equilibrium states shown in Figure 5.2 but the final microstructures are 
slightly affected by the cooling rate. 
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Figure 5.7. Numerical simulation results with Therm.Cond.4 (fast cooling 8 °C/min). 
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Figure 5.8. Numerical simulation results of PMB1 with Therm.Cond.5 (slow cooling 2 °C/min).

 
Figure 5.9. Numerical simulation results of PMB2 with Therm.Cond.5 (slow cooling 2 °C/min). 
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Figure 5.10. Numerical simulation results of PMB3 with Therm.Cond.5 (slow cooling 2 °C/min). 

 
Figure 5.11. Numerical simulation results of PMB4 with Therm.Cond.5 (slow cooling 2 °C/min). 
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As for PMB2 and PMB3, Figure 5.2 reveals that their stability-
instability transitions both occur between 170 °C (300 s) and 160 °C (600 
s). Before the transitions, Figures 5.9 and 5.10 show that they form more 
homogenous structures than the initial ones. After the homogenization, 
the separation processes start and the PMBs gradually form the binary 
structures. As the phase separations start from more homogenized 
structures under Therm.Cond.5 than Therm.Cond.4, it takes longer time 
for the PMBs to reach the equilibrium states under Therm.Cond.5. By 
2100 s (900 s after the cooling terminated), PMB3 has not displayed a 
two-phase structure in Figure 5.10. At the end of the simulated process, 
PMB2 and PMB3 reach the equilibrium states shown in Figure 5.2. 
However, the cooling rate only slightly affects the final patterns of the 
PMBs’ binary structures in this chapter. 
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6. Diffusion-Flow Coupling and Its Effect 
on PMB Storage Stability 

 
In the three-dimensional reality, PMB phase separation at the storage 
temperature is a coupled diffusion-flow process. The proposed phase-
field model in the previous chapters demonstrates only the diffusion 
process related to the observed PMB phase separation by microscopy. On 
the basis of this diffusion model, this chapter presents a coupled 
diffusion-flow model and simulate the gravity-driven flow in PMB at the 
storage temperature. 

 
6.1. Coupled Model of Diffusion and Flow 
 
In order to simulate the gravity-driven flow in PMB at the storage 
temperature, the incompressible Navier-Stokes equations are coupled 
with the above formulated phase-field model. Since the discussed 
temperature is fixed in this chapter, the governing equations include only 
the mass and momentum conservation equations (not the energy 
conservation equation). Under the incompressible condition, the 
continuity equation in vector notation has the form of 

𝜵𝜵 ∙ 𝒖𝒖 = 0 ,                                                  (6.1) 

where 𝒖𝒖  is the velocity vector. As this chapter is considering a two-
dimensional model, the velocity is a two-component vector as 𝒖𝒖 = (𝑢𝑢, 𝑣𝑣). 
The equations of motion in vector notation can be written as 

𝜌𝜌 𝜕𝜕𝒖𝒖
𝜕𝜕𝜕𝜕

+ 𝜌𝜌(𝒖𝒖 ∙ 𝜵𝜵)𝒖𝒖 = −𝜵𝜵𝑝𝑝 + 𝜇𝜇𝛁𝛁2𝒖𝒖+ 𝑭𝑭 ,                   (6.2) 

where 𝜌𝜌 is the density; 𝑝𝑝 is the pressure; 𝜇𝜇 is the dynamic viscosity; 𝛁𝛁2 is 
the Laplace operator; and 𝑭𝑭 is the force vector. The force term 𝑭𝑭 can 
represent gravity, surface tension and/or other external forces. In this 
chapter, only gravity is considered for the force term. 
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It is worth mentioning that the incompressible Navier-Stokes 
equations presented here are based on some assumptions (Anderson, 
1995; Hirsch, 2007). These assumptions also apply to the coupled 
diffusion-flow model for simulating the gravity-driven flow in PMB. 
Firstly, it is assumed that PMB is a Newtonian fluid at the storage 
temperature (180 °C). According to some previous studies (Sybilski, 1993, 
1994; García-Morales et al., 2004, 2006; Navarro et al., 2009), this 
assumption can be true when the polymer content is not too high and the 
temperature is sufficiently high. It was reported that a PMB with 5% (by 
weight) waste polymer showed Newtonian behaviour from 140 °C 
upwards in the range of the tested shear rates. Thus, it is believed that 
this first assumption is reasonable for common paving PMBs. In addition, 
it is also assumed by the equations that the gravity-driven flow in PMB at 
the storage temperature is a laminar flow. Because the PMB is at rest in 
the beginning of the modelled process and its viscosity is relatively high, 
this second assumption is also believed to be true for PMB in this case. 

As a two-phase flow is introduced into the model, the governing 
equations become coupled with each other. With a velocity vector 
involved, Equation 4.1 can be rewritten into the complete form of the 
Cahn-Hilliard equation (Cahn and Hilliard, 1959; Yue et al., 2004, 2006; 
Zhou et al., 2010; Kim, 2012) as 

𝜕𝜕∅
𝜕𝜕𝜕𝜕

+ 𝜵𝜵 ∙ 𝒖𝒖∅ = 𝜵𝜵 ∙ 𝑀𝑀(∅)𝜵𝜵𝛿𝛿𝛿𝛿
𝛿𝛿∅

 .                              (6.3) 

In Equation 6.2, the density 𝜌𝜌 and dynamic viscosity 𝜇𝜇 are dependent 
on the local composition of the phase as well as the properties of the 
individual components. Under the incompressible condition, a linear 
dependency is postulated for the density in this chapter, such that 

𝜌𝜌(∅) = 𝜌𝜌𝑝𝑝∅ + 𝜌𝜌𝑏𝑏(1 − ∅) ,                                   (6.4) 

where 𝜌𝜌𝑝𝑝 is the density of the polymer modifier; and 𝜌𝜌𝑏𝑏 is the density of 
the bitumen. The empirical Kendall-Monroe equation (Kendall and 
Monroe, 1917; Viswanath et al., 2007) is employed to estimate the 
dynamic viscosity of the phase, i.e. 

�𝜇𝜇(∅)3 = �𝜇𝜇𝑝𝑝3 ∅ + �𝜇𝜇𝑏𝑏3 (1 − ∅) ,                             (6.5) 

where 𝜇𝜇𝑝𝑝 is the dynamic viscosity of the polymer modifier; and 𝜇𝜇𝑏𝑏 is the 
dynamic viscosity of the bitumen. As for the force term 𝑭𝑭, the following 
equation is used to represent the gravity, i.e. 
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𝑭𝑭(∅) = 𝜌𝜌(∅)𝒈𝒈 ,                                            (6.6) 

where 𝒈𝒈 is the acceleration of gravity (vector). 

 
6.2. Model Parameters and Implementation 
 
The coupled diffusion-flow model described in the previous section has 
been implemented in the finite element software COMSOL Multiphysics®. 
The numerical simulations are performed on a rectangular domain of 1.2 
mm × 2.7 mm meshed with triangular elements. This domain is in the 
vertical plane and basically three times the size of the microscopic images 
(magnification 100×) obtained in Chapter 3. The domain is equally 
divided into three parts (bottom, middle and top) for the data post-
processing and analysis. Boundary conditions are set by having the 
velocity (both 𝑢𝑢 and 𝑣𝑣) being zero on all the four sides of the rectangle 
and the pressure being zero on the top side. Initial values of ∅  are 
generated by a normally distributed random function with a mean value 
of 0.05 and a standard deviation of 0.005. This means that the polymer 
content in the simulated PMB is 5% by volume with certain variation. If 
considering the density difference between the polymer and bitumen, the 
polymer content by weight is around 4.6%. The PMB is at rest (𝑢𝑢 = 𝑣𝑣 = 0) 
in the beginning of the simulated process. 

In order to simulate the gravity-driven flow in PMB at 180 °C, the 
needed parameters include the mobility coefficients ( 𝑀𝑀𝑝𝑝  and 𝑀𝑀𝑏𝑏 ), 
gradient energy coefficient 𝜅𝜅, segment numbers of the chains (𝑁𝑁𝑝𝑝 and 𝑁𝑁𝑏𝑏), 
interaction parameter 𝜒𝜒, dilution parameter 𝑧𝑧, densities (𝜌𝜌𝑝𝑝 and 𝜌𝜌𝑏𝑏) and 
dynamic viscosities (𝜇𝜇𝑝𝑝  and 𝜇𝜇𝑏𝑏). For 𝑁𝑁𝑝𝑝  and 𝑁𝑁𝑏𝑏 , it is assumed that the 
hypothetical chains for bitumen have the same length as the polymer 
chains, as discussed in the previous chapters. The values of 𝑀𝑀𝑝𝑝, 𝑀𝑀𝑏𝑏, 𝜅𝜅, 𝑁𝑁𝜒𝜒 
and 𝑧𝑧 can be calibrated by the comparison between the experimental and 
numerical results, while the values of 𝜌𝜌𝑝𝑝, 𝜌𝜌𝑏𝑏, 𝜇𝜇𝑝𝑝 and 𝜇𝜇𝑏𝑏 can be obtained by 
experimental measurements or using the related handbooks. 

By setting different values for the material property parameters, the 
simulation cases listed in Table 6.1 are numerically implemented in this 
chapter for evaluating: (i) the capacity of the coupled diffusion-flow 
model to predict storage stability (and instability) of PMB, and (ii) the 
effects of bitumen density and dynamic viscosity on the gravity-driven 
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flow and phase separation in PMB at 180 °C. The values of 𝜌𝜌𝑝𝑝, 𝜌𝜌𝑏𝑏, 𝜇𝜇𝑝𝑝 and 
𝜇𝜇𝑏𝑏 are assumed to be constant in Cases 6.1-6.3 and the used values are 
based on the material producer data documents, handbooks and reported 
data in the literature (Morgan and Mulder, 1995; Read and Whiteoak, 
2003; Holden et al., 1969; Arnold and Meier, 1970; Canevarolo et al., 
1986a, 1986b; Zeng and Wu, 2008; Wang et al., 2012). 

Moreover, the second part of the simulations (Cases 6.4-6.7) uses 
constant values (same as Case 6.1) for the diffusion model parameters 
(𝑀𝑀𝑝𝑝 , 𝑀𝑀𝑏𝑏 , 𝜅𝜅 , 𝑁𝑁𝜒𝜒  and 𝑧𝑧 ) and investigates the influences of the possible 
variations of the bitumen density 𝜌𝜌𝑏𝑏 and dynamic viscosity 𝜇𝜇𝑏𝑏. The used 
bitumen density and dynamic viscosity values, selected on the basis of the 
data from bitumen handbooks and the related literature (Morgan and 
Mulder, 1995; Read and Whiteoak, 2003; Zeng and Wu, 2008; Wang et 
al., 2012), are intended to represent the most common bitumen grades. 
All the cases are run to simulate the storage at 180 °C for 5 hours. 

Table 6.1. Material parameters used in the simulations (180 °C). 

 
6.3. Numerical Simulation Results and Discussion 
 
6.3.1. PMB Storage Stability 
 
The simulation results of Cases 6.1-6.3 are shown in Figure 6.1. It can be 
seen that Case 6.2 represents a compatible case, and consequently, no 
separation happens in the simulated PMB. Thus, there is no two-phase 
structure formed and no density difference within the PMB. As a 
consequence, the gravity does not drive a flow in Case 6.2. With poor 
polymer-bitumen compatibility, Cases 6.1 and 6.3 start to separate into  

Cases 
𝑴𝑴𝒑𝒑 

[m5/(J∙s)] 
𝑴𝑴𝒃𝒃 

[m5/(J∙s)] 
𝜿𝜿 

[J/m] 𝑵𝑵𝑵𝑵 𝒛𝒛 
𝝆𝝆𝒑𝒑 

[kg/m3] 
𝝆𝝆𝒃𝒃 

[kg/m3] 
𝝁𝝁𝒑𝒑 

[Pa∙s] 
𝝁𝝁𝒃𝒃 

[Pa∙s] 

6.1 6.00×10-18 6.75×10-18 4.50×10-5 2.9 8.7 855 932 2000 0.075 

6.2 6.00×10-18 1.80×10-17 4.50×10-5 1.9 7.0 855 932 2000 0.075 

6.3 6.00×10-18 1.80×10-17 4.50×10-5 3.6 7.0 855 932 2000 0.075 

6.4 6.00×10-18 6.75×10-18 4.50×10-5 2.9 8.7 855 927 2000 0.075 

6.5 6.00×10-18 6.75×10-18 4.50×10-5 2.9 8.7 855 937 2000 0.075 

6.6 6.00×10-18 6.75×10-18 4.50×10-5 2.9 8.7 855 932 2000 0.05 

6.7 6.00×10-18 6.75×10-18 4.50×10-5 2.9 8.7 855 932 2000 0.1 
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Figure 6.1. Simulation results of Cases 6.1-6.3. 
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two phases by diffusion. After the density difference between the two 
phases forms, the gravity starts to drive the flow of the two phases and 
accelerate the separation in the vertical direction. 

Furthermore, the gravity-driven flow and phase separation can be 
analysed by measuring the polymer content changes in different parts of 
the domain during the whole simulated process. In this chapter, the 
domain is equally divided into three parts (bottom, middle and top). The 
average polymer contents (by volume) are calculated from the values of 
the phase-field variable in the three different parts and the results of 
Cases 6.1-6.3 are presented in Figure 6.2. 

 
Figure 6.2. Polymer content (by volume) changes in the bottom, 

middle and top parts of the simulated PMBs, Cases 6.1-6.3. 

Figure 6.2 gives the average contents of the pure polymer (not the 
polymer-rich phase) in different parts of the domain. It is indicated that 
the polymer contents in all the three parts of Case 6.2 always remain 5% 
by volume (i.e. the initial value, 4.6% by weight) during the simulation, 
showing the stability of this case. As for Cases 6.1 and 6.3, the polymer 
contents decrease in the bottom parts and increase in the top parts. This 
reveals the upward flows of the polymer-rich phases in both cases as the 
simulations continue. After 140 min, the polymer content reaches a 
plateau in the bottom part of Case 6.3. This is because almost all the 
polymer-rich phase has flowed to the upper parts from the bottom part, 
as seen in Figure 6.1. There are some polymer content fluctuations in the 
middle parts of Cases 6.1 and 6.3. The reason for these fluctuations is that 
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the middle parts of Cases 6.1 and 6.3 have both inflow and outflow of the 
polymer-rich phases. But since 140 min, there has been only the outflow 
(no inflow due to the plateau in the bottom) for the middle part of Case 
6.3. Consequently, the polymer content in this part starts to decrease 
from 140 min. 

It can also be seen in Figure 6.2 that Cases 6.1 and 6.3 show different 
gravity-driven flows and phase separation behaviours. The separation in 
Case 6.3 is faster than Case 6.1. This is because these two cases use 
different values for the diffusion model parameters, showing different 
bitumen mobility and leading to different composition of the equilibrium 
phases. The higher 𝑀𝑀𝑏𝑏 value results in faster bitumen diffusion in Case 
6.3. The bigger composition difference causes bigger density and dynamic 
viscosity differences between the two equilibrium phases of Case 6.3, 
which gives rise to a faster flow. Thus, Case 6.3 has separated more than 
Case 6.1 by the end of the simulated process. 

 
6.3.2. Effect of Bitumen Density 
 
Cases 6.4 and 6.5 are intended to investigate the effect of bitumen density 
variation. The simulation results show the same equilibrium phase 
composition and a similar separation process as the Case 6.1 results in 
Figure 6.1. However, the different bitumen density values lead to different 
levels of separation in Cases 6.4 and 6.5. The polymer content curves in 

  
Figure 6.3. Polymer content (by volume) changes in the bottom, 
middle and top parts of the simulated PMBs, Cases 6.4 and 6.5.  
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different parts of the domain, as presented in Figure 6.3, give the explicit 
information on this. The bigger polymer-bitumen density difference 
causes a bigger density difference between the two equilibrium phases of 
Case 6.5, which results in a faster flow. Consequently, Case 6.5 has 
separated more than Case 6.4 by the end of the simulated process, 
although the difference between the two cases is limited. 

 
6.3.3. Effect of Bitumen Dynamic Viscosity 
 
Cases 6.6 and 6.7 are intended to investigate the effect of bitumen 
dynamic viscosity variation. The simulation results also show the same 
equilibrium phase composition and a similar separation process as the 
Case 6.1 results in Figure 6.1. However, the different bitumen dynamic 
viscosity values also lead to different levels of separation in Cases 6.6 and 
6.7. The explicit information is given by the polymer content curves in 
different parts of the domain, as presented in Figure 6.4. The lower 
bitumen dynamic viscosity gives rise to lower dynamic viscosities of the 
two equilibrium phases of Case 6.6, which causes a faster flow. As a 
consequence, Case 6.6 has separated more than Case 6.7 by the end of the 
simulated process. The investigated variation of the dynamic viscosity 𝜇𝜇𝑏𝑏 
seems to have a more significant influence than the investigated variation 
of the density 𝜌𝜌𝑏𝑏 in this chapter. But this observation might depend on 
the specific values of the model parameters. 

 
Figure 6.4. Polymer content (by volume) changes in the bottom, 
middle and top parts of the simulated PMBs, Cases 6.6 and 6.7. 
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7. Conclusions and Recommendations 
 
7.1. Conclusions 
 
Storage stability is a primary requirement for all PMBs, so understanding 
the stability-related phase behaviour of PMB is of great importance for 
supporting its successful application. The phase separation process in an 
unstable PMB is affected by many factors, e.g. the temperature, the 
bitumen composition, the polymer chemistry and content, the density 
and viscosity of the bitumen and polymer. Aiming at a fundamental 
understanding on what dictates the PMB storage stability and phase 
separation behaviour, this thesis reviews the advances and challenges in 
polymer modification of paving bitumen, experimentally captures the 
phase separation process in unstable PMBs and proposes a 
thermodynamic approach for PMB storage stability and phase separation 
prediction. A coupled phase-field model is developed to simulate the 
diffusion and flow processes related to PMB phase separation. The 
temperature dependency of PMB phase separation behaviour is discussed 
between 140 °C and 180 °C. On the basis of the above described results, 
the following conclusions can be drawn: 

(1) Storage stability and phase separation behaviour of PMB are 
strongly dependent on the specific combination of the base 
bitumen and polymer. A phase inversion phenomenon was 
experimentally observed in one of the investigated unstable PMBs 
during the phase separation. The plausible reason for this might 
be the dynamic asymmetry between the bitumen and polymer 
modifier. This indicates that viscoelastic phase separation may 
happen in some PMBs and the dynamic asymmetry should be 
evaluated when investigating PMB phase behaviour, especially at 
lower temperatures. 

(2) The proposed diffusion model, based on the Cahn-Hilliard 
equation and Flory-Huggins theory, is capable of capturing the  
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stability differences among the four investigated PMBs and their 
microstructure differences between different temperatures. The 
simulation results indicate that PMBs may show similar 
microstructures at one temperature, but their phase structures can 
be completely different at other temperatures. The different 
material parameters of the PMBs determine the differences in 
stability and temperature dependency of their phase separation 
behaviour. All these differences are captured by the model and 
demonstrated in the numerical simulation results. Depending on 
the stability-instability transition, a homogenization process may 
occur in some PMBs during cooling. 

(3) Experimental results indicate that the gravity effect due to 
polymer-bitumen density differences does not directly cause but 
accelerates the possible PMB phase separation process in the 
vertical direction. This means that an unstable PMB starts to 
separate into two phases by diffusion, because of the poor 
polymer-bitumen compatibility. Once the density difference 
between the two phases becomes sufficiently significant, gravity 
starts to drive the flow of the two phases and accelerate the 
separation in the vertical direction. 

(4) By employing the Navier-Stokes equations, the coupled model of 
diffusion and flow, can provide explicit information on the PMB 
phase separation due to the polymer-bitumen density differences. 
Simulation results reveal the upward flows of the polymer-rich 
phases in the unstable cases during the phase separation. There is 
no gravity-driven flow in the compatible case. The different 
gravity-driven phase separation behaviour of PMBs may result 
from the different composition of the equilibrium phases in the 
PMBs as well as the different densities and dynamic viscosities of 
the polymer and the bitumen. A bigger polymer-bitumen density 
difference and/or a lower bitumen dynamic viscosity cause a 
faster flow and separation in the PMB at storage temperature. 

 
7.2. Recommendations 
 
This thesis employs the phase-field method, a phenomenological method, 
to model and simulate the PMB phase behaviour at and near the storage 
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temperature. Some of the model parameters, as described in the 
respective chapters, are phenomenological parameters that need to be 
determined based on the results of experimental measurements and 
theoretical calculations. Due to the lack of available data for PMBs today, 
precise determination of material parameters still remains an issue. This 
issue may be resolved as more data will be released in the future together 
with further findings of potential empirical correlations between some 
easily-measurable parameters and the model parameters. 

In addition, because of the complex chemical composition of bitumen, 
some assumptions and simplifications are made for the model 
development, which also cause some limitations of the current model. 
Examples have been mentioned in Chapter 4. In order to improve the 
model, future work could be focused towards introducing the dependency 
of some model parameters on the local composition. Furthermore, the 
expression of free energy for PMB may also be further studied, for 
example by analysing the relation between the solubility parameters of 
the individual materials and the free energy curve of the final PMB. 

Regarding the temperature dependency of phase separation behaviour 
for a given PMB, it is the temperature that determines the final values of 
the polymer swelling ratio and equilibrium phase composition at the end 
of the simulated process in this thesis. This is because the presented 
model uses fixed material property parameters for a fixed temperature. 
However, the process can be more complex in reality due to the combined 
effects of the interfacial tension, material viscosity and rheology. The 
coupled diffusion-flow model may provide a solution for this by taking 
the interfacial tension and material viscosity into account, while the effect 
of material rheology has to be evaluated by investigating the dynamic 
asymmetry between the bitumen and polymer. However, before any such 
possible future work should be started, it is recommended that the 
developed coupled diffusion-flow model should firstly be validated via an 
experimental and numerical visualization of the gravity-driven flow in 
PMB at storage temperature, most probably at a larger scale to avoid 
scaling and boundary effects. Additionally, the composition dependency 
of PMB density, dynamic viscosity and mobility coefficient could also be 
further investigated for a wide range of PMBs to get a comprehensive 
overview of design parameters that may give practical guidance to 
bitumen engineers. 
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