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Abstract 

Cold mix asphalt (CMA) emulsion technology could become an 
attractive option for the road industry as it offers lower startup and 
equipment installation costs, energy consumption and environmental 
impact than traditional alternatives. The adhesion between bitumen and 
aggregates is influenced by diverse parameters, such as changes in 
surface free energies of the binder and aggregates or the presence of 
moisture or dust on the surface of aggregates, mixing temperatures, 
surface textures (including open porosity), nature of the minerals present 
and their surface chemical composition, as well as additives in the binder 
phase. The performance of cold asphalt mixtures is strongly influenced by 
the wetting of bitumen on surfaces of the aggregates, which is governed 
by breaking and coalescence processes in bitumen emulsions. Better 
understanding of these processes is required. Thus, in the work this thesis 
is based upon, the surface free energies of both minerals/aggregates and 
binders were characterized using two approaches, based on contact 
angles and vapor sorption methods. The precise specific surface areas of 
four kinds of aggregates and seven minerals were determined using an 
approach based on BET (Brunauer, Emmett and Teller) theory, by 
measuring the physical adsorption of selected gas vapors on their surfaces 
and calculating the amount of adsorbed vapors corresponding to 
monolayer occupancy on the surfaces. Interfacial bond strengths between 
bitumen and aggregates were calculated based on measured surface free 
energy components of minerals/aggregates and binders, in both dry and 
wet conditions. 

 
 In addition, a new experimental method has been developed to study 

bitumen coalescence by monitoring the shape relaxation of bitumen 
droplets in an emulsion environment. The test protocol was designed to 
study the coalescence process in varied environmental conditions 
provided by a climate-controlled chamber. Presented results show that 
temperature and other variables influence kinetics of the relaxation 
process. They also show that the developed test procedure is repeatable 
and suitable for studying larger-scale coalescence processes. However, 
possible differences in measured parametric relationships between the 
bitumen emulsion scale and larger scales require further investigation.  

 



There are several different research directions that can be explored 
for the continuation of the research presented in this thesis. For instance, 
the rationale of the developed method for analyzing coalescence processes 
in bitumen emulsions rests on the assumption that the results are 
applicable to large-scale processes, which requires validation. A linear 
relationship between the scales is not essential, but it is important to be 
able to determine the scaling function. Even more importantly, 
qualitative effects of the investigated parameters require further 
confirmation. To overcome the laboratory limitations and assist in the 
determination of appropriate scaling functions further research could 
focus on the development of a three-dimensional multiphase model to 
study coalescence processes in more detail, including effects of 
surfactants, pH and other additives such as mineral fillers and salts. 
Additionally, better understanding of the breaking process and water-
push out could help significantly to optimize CMA mix design. Different 
methods, both numerical and experimental could be explored for this. 
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Sammanfattning (På Svenska) 

Cold mix asphalt (CMA) eller kall asfaltbetong med hjälp av 
emulsionsteknik kan vara ett attraktivt alternativ för 
vägbyggnadsindustrin då det möjliggör lägre uppstart- och 
investeringskostnader, lägre energiförbrukning och mindre 
miljöpåverkan än traditionella alternativ. Vidhäftningen mellan 
bindemedel och stenpartiklarna påverkas av ett flertal parametrar, såsom 
förändring i fri ytenergi hos både bindemedel och partiklar eller närvaro 
av fukt eller damm på stenytorna, blandningstemperatur, yttextur 
(inklusive ytporositet), mineralegenskaper och ytornas kemiska 
sammansättning samt tillsatsmedel i bindemedlen. Beteendet hos kall 
asfaltbetong är starkt påverkad av vätningsegenskaperna hos 
bindemedlet när det kommer i kontakt med stenmaterialet och detta i sin 
tur är beroende på bitumenemulsionens brytegenskaper och 
sammansmältningsförmåga (Coalescence). Bättre förståelse av dessa 
processer är av största vikt. Detta arbete är baserad på mätningar av fri 
ytenergi hos både mineraler/stenmaterial och bindemedel enligt två 
metoder, kontaktvinkel och  ångabsorptionsmetoder. Den exakta 
specifika ytan hos fyra typer av stenmaterial och sju mineraler 
undersöktes med en metod baserad på BET (Brunauer, Emmett och 
Teller):s teorier att mäta den fysiska adsorptionen av utvalda gaser på 
ytorna och beräkna mängden adsorberad ånga som motsvarar ett lager på 
ytan. Styrkan hos kontaktytornas vidhäftning mellan bindemedlet och 
stenaggregaten beräknades utgående från mätningar av den fria 
ytenergin hos bägge ingående komponenterna, dels i torra dels i våta 
omgivningar. 
 
Vidare har en ny experimentell metod utvecklats för att studera bitumens 
sammansmältning genom att studera bitumendroppars formförändring i 
en emulsionsmiljö. Testprotokollet utformades för att studera 
sammansmältningen i varierande miljöer i en klimatkammare. 
Presenterade resultat visar att temperatur och andra variabler påverkar 
de kinetiska förhållandena vid relaxationsprocessen. De visar även att 
den utvecklade testmetoden är repeterbar och passar för storskaliga 
studier av sammansmältningsprocesser. Det bör dock påpekas att vidare 
studier krävs för att påvisa skillnaderna mellan bitumenemulsionsskalan 
och större skalor. 



 
Resultaten in denna avhandling kan ge uppslag till fortsatt forskning med 
flera olika inriktningar. Till exempel förutsätter den utvecklade metoden 
att studera sammansmältningsprocessen i bitumenemulsioner att 
resultaten är användbara i stor skala, vilket kräver validering. Ett linjärt 
förhållande mellan skalorna är inte nödvändigt, men det är viktigt att 
fastställa skalfaktorn. Även mer viktigt är att bekräfta de kvalitativa 
effekterna av de undersökta parametrarna. För att överbrygga 
laboratoriebegränsningarna och bidra till att fastställa korrekta 
skalningsfunktioner bör ytterligare forskning inriktas på utveckling av 
tredimensionella multifasmodeller för att noggrannare studera 
sammansmältningsprocessen samt effekten av ytaktiva ämnen, pH och 
andra additiv som till exempel mineralfiller och salter. En bättre 
förståelse av brytningsprocessen och frigörande av vatten kan också ge ett 
signifikant bidrag för optimering av CMA formuleringar. Olika metoder, 
både numeriska och experimentella kan undersökas för att uppnå detta.  
 
 
Nyckelord 
 
Bitumen, kallblandad asfaltmassa, mineraler/aggregat, fri ytenergi, 
sorption, kontaktvinkel, bitumenemulsion, brytning och blandning. 
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 INTRODUCTION 1

1.1 Background 
 

Asphalt mixtures are heterogeneous materials at several length scales. 
At meso-scale, a typical asphalt mixture consists of three main phases: 
minerals/aggregates, bitumen-based binders and air voids. Potentially 
influential physical and chemical properties of minerals/aggregates at 
macro scale include (inter alia) shape, angularity and texture, while 
important micro level properties include chemical interaction potential, 
specific surface area (SSA) and surface free energy (SFE). The 
performance of asphalt mixtures is highly influenced by the mixture 
composition, internal structure and spatial distribution of these phases, 
mixing and compaction processes, and the materials’ properties at both 
micro and macro scales. Thus, the methods used to estimate their 
properties when attempting to formulate and prepare an optimal mixture 
are also important, as illustrated in Fig. 1. According to the literature [1-3], 
these properties directly influence the performance of asphalt mixtures. 
Furthermore, the adhesion between bitumen and aggregates is influenced 
by diverse parameters, such as surface free energies of both binder and 
aggregates in clean, dry conditions or the presence of moisture or dust on 
the surface of aggregates, mixing temperatures, surface textures 
(including open porosity), nature of the minerals and their surface 
chemical composition, as well as additives present in the binder phase [3]. 
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Fig. 1. Factors affecting performance of asphalt mixtures. 
 
 
Bitumen is a highly viscous semi-solid at room temperature, but there 

are many ways to reduce its viscosity and thus make it an effective binder, 
such as heating, dissolving it in solvents (“cutting back”), foaming it, or 
making oil/water type bitumen emulsions. In the pavement industry, hot 
mix and (increasingly) warm mix asphalts are frequently used, while cold 
mixtures are used much less often, and usually only for recycling low 
traffic roads. However, there are several technological options for 
producing cold mixes, including foaming, cutting back or emulsifying the 
bitumen. In bitumen emulsification, the bitumen phase is heated and 
dispersed in water in the presence of an emulsifier by the application of 
shear forces. The processes used when manufacturing bitumen emulsions 
must be tightly controlled to ensure that they have sufficient storability, 
workability and adhesion to be effective binders for road products [4-5].  

 
Cold mix asphalt (CMA) emulsion technology could become an 

attractive option for the road industry as it offers lower startup and 
equipment installation costs, energy consumption and environmental 
impact than traditional alternatives. However, cold asphalt mixtures 
contain substantial air-voids that may trap enough water to impair short- 
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and long-term bonding between the aggregates and bitumen, thereby 
weakening the asphalt after the emulsion sets. Furthermore, the 
performance of cold asphalt mixtures produced from emulsions is 
strongly influenced by the control of the breaking and coalescence 
process. Thus, to formulate a suitable emulsion for given climatic 
conditions appropriate emulsifiers and additives must be selected for use 
with intended types of aggregate and bitumen. An emulsifier acts as a 
surface-active agent that concentrates at interphases between two 
immiscible liquids like oil and water [6].  

 
The wetting of bitumen on the surface of the aggregates is hereby of 

major importance for the performance of the asphalt. The most direct 
way of measuring the adhesion strength between bitumen and stone 
surface is to determine the wetting contact angle directly between stone 
and bitumen. This is however, not easy as bitumen drop due to high 
viscosity takes ages to reach at equilibrium point. Secondly, stone surface 
contains patches of different minerals, so the wettability will not be same 
for each mineral surface. Thus, direct characterization of bitumen wetting 
angle over the stone surface is not very advantageous. Instead, an indirect 
route based on measurement of surface free energy of stone surface and 
bitumen surface separately, has been adopted to estimate the energy of 
wetting by considering effects of mineral composition and the presence of 
moisture.  

 
Furthermore, premature coalescence of bitumen emulsions away 

from the surfaces could lead to poor adhesion and reduction in 
mechanical strength of the asphalt. Premature coalescence may be caused 
by the presence of too much fines or highly reactive mineral surfaces, 
which may be linked with Alkali-Silica-Reactivity. The breaking and 
coalescence mechanisms of bitumen emulsions are still not fully 
understood due to their complexities and deficiencies in current 
experimental methods and models to examine and explain them. Thus, 
the main aim of the research this licentiate thesis is based upon was to 
improve understanding of the effects of materials’ properties in the 
coating of bitumen on the surface of aggregates. This is a key element for 
meeting the overall objective of a planned PhD project to improve the 
quality of CMA by developing fundamental knowledge about bitumen 
emulsion technology and its potential application in the pavement sector. 
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1.2 Breaking and coalescence of bitumen emulsions 
 
Bitumen emulsions may break through various processes such as 

flocculation and coalescence. Coalescence is the breaking process of 
emulsions in which droplets merge together into bigger ones. Bitumen 
emulsions start breaking or rupturing when in contact with aggregates, as 
the porous and reactive surfaces of aggregates extract water from such 
emulsions. Furthermore, hydrolysis reactions (releasing ionic species) 
occur at the surfaces of aggregate minerals, thereby increasing the 
polarity of the aqueous phase and promoting coalescence. As illustrated 
in Fig. 2a, during coalescence pairs or groups of drops approach each 
other with negligible initial velocities, touch and form tiny contact bridges 
due to Van der Waals interactions. The bridge contact length, rb, quickly 
expands under the influence of interfacial stress, finally resulting in 
merger of the drops into increasingly large drops and increasing the 
bitumen phase density by minimizing the surface area. 

 
 

 
Fig. 2. Schematic illustrations of (a) the coalescence process in a 

breaking bitumen emulsion, and (b) bitumen coatings of aggregates 
resulting from poor adhesion (left) and good adhesion (right). 

 
 
In coalescence, the last step in the breaking process of bitumen 

emulsions, a film of bituminous binder develops that adheres to the 
aggregates, then sets and hardens (“cures”), thereby determining the 
mechanical strength of the cold asphalt mixture. Good adhesion can be 
achieved if aggregates are completely wetted by the bitumen, but 
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adhesion will be poor if premature coalescence occurs away from the 
surface or water is still present at the interface, as illustrated in Fig. 2b [7].  

 
Studies of coalescing fluid bodies can be traced back to the 19th 

century, in the work of Reynolds and Lord Rayleigh [8-9]. The 
hydrodynamics of droplet coalescence can be explained by the actions of 
diffusion or capillary forces [10], viscous forces [11-14], inertial forces [15-
16] and interfacial forces [16-17]. Droplet coalescence has been 
extensively studied in contexts related to microfluidic systems [18-21], 
partly to develop improved coatings for diverse applications. However, 
there is still no robust methodology for specific investigation of 
coalescence processes in bitumen emulsions. Various aspects of emulsion 
stability, or breaking behavior, have also been assessed using mineral 
filler breaking tests [22-24], resonance frequency tests or tuning fork 
methods (developed in France), evaporation-filtration tests in which 
coalesced binder is retained on a sieve [25-26], centrifugation, osmotic 
pressure and micromanipulation procedures [27], and rheology, turbidity 
and electro-kinetic analyses [28]. These tests allow practical qualitative 
comparisons of emulsions, and characterization of expected performance, 
but provide no fundamental insights that could be used to improve the 
design of emulsions systematically or enable their optimization for 
specific storage, field or production conditions. 

 
Several researchers [29-32] have proposed that breaking of bitumen 

emulsions resembles the classical sintering process that occurs in 
ceramics, latex paints and aerogels. After adding a breaking additive or 
destabilizing agent to an emulsion, a gel or network forms that further 
contracts and becomes a separate phase. According to Frenkel’s theory, 
two oil drops diffuse into each other by a shape relaxation that is mainly 
driven by surface tension properties [33]. The characteristic time for 
shape relaxation is thus controlled by competition between surface 
tension and viscous dissipation, and can be represented as: 

 
𝜏𝜏𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  ∝  𝜂𝜂𝜂𝜂

𝛾𝛾
 ,                                                        (1) 

 
where 𝞰𝞰 is the droplet viscosity, R is the radius of the droplet and γ is 

its surface tension. 
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1.3 Motivation and scope of the work 
 
The primary motive of the work underlying this thesis is to increase 

knowledge of the behavior of CMA bitumen emulsions by improving 
understanding of the physical and chemical properties of 
minerals/aggregates and binders, as well as the emulsions’ coalescence 
mechanisms. Thus, the thesis focuses on characterization of the surface 
properties, surface energies and adhesion of selected minerals/aggregates 
and binders in both dry and wet conditions. It also presents a new 
method for studying the breaking and coalescence processes in bitumen 
emulsions, and information on physico-chemical mechanisms involved in 
the destabilization of bitumen emulsions, thereby contributing to 
understanding of the phenomena. This is significant because breaking 
and coalescence mechanisms in bitumen emulsions, and effects of 
fundamental factors such as chemical composition and surface energies 
of minerals and binders, or climatic conditions, have not yet been fully 
elucidated. Clearly, understanding of these processes and effects is 
essential for improving formulations and procedures for use in practical 
engineering projects. 

 
The following sections of the thesis present a brief review of relevant 

theory and methodology, followed by experimental results and a 
discussion. Then the research work is summarized, based on the 
appended papers, and conclusions are drawn. Finally, further studies 
planned for a doctoral project are outlined.   
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 THEORETICAL REVIEW 2

 
Key aspects of the thermodynamic behavior of a solid-liquid 

interface, as illustrated in Fig. 3, can be described by the Young-Laplace 
equation (2) relating the contact angle and surface energy: 
 

 
Fig. 3. Schematic illustration of a liquid drop on a solid substrate at 

equilibrium between interfacial and gravitational forces. For meanings 
of 𝛾𝛾𝑆𝑆𝑆𝑆, 𝛾𝛾𝐿𝐿𝑆𝑆 and 𝛾𝛾𝑆𝑆𝐿𝐿 see the text. 

 
                             

    γSV =  γSL + γLV ∗ cos θ                                                     (2) 
 

Here, 𝛾𝛾𝑆𝑆𝑆𝑆 is the surface free energy of a solid in the presence of a 
vapor film, 𝛾𝛾𝐿𝐿𝑆𝑆 is the liquid-vapor interface energy, 𝛾𝛾𝑆𝑆𝐿𝐿 is the solid-liquid 
interface energy and θ is the contact angle. The following equation [34] 
can be used to calculate polar (P) and dispersive (D) surface energy 
components from the surface tension, if known (3): 
 

           γSL =  γSV + γLV − 2 ��(γSVD ∗ γLVD )   +  �(γSVP ∗ γLVP )   �                        (3) 

 
The thermodynamic behavior of a liquid-gas interface was initially 

addressed by Gibbs [35] and subsequently Bangham [36] showed that 
Gibbs’ adsorption equation is applicable to changes in surface free energy 
during adsorption of vapors on solid surfaces. The surface free energy of a 
solid is reduced by adsorption of vapor molecules on its surface. The 
spreading pressure at equilibrium at maximum saturated vapor pressure 
(𝜋𝜋𝑟𝑟, essentially the tendency of the liquid to spread on the surface) can be 
calculated from  𝜋𝜋𝑟𝑟 =  𝛾𝛾𝑆𝑆 −  𝛾𝛾𝑆𝑆𝑆𝑆, where 𝛾𝛾𝑆𝑆 is the surface energy of the solid 
in vacuum (with no vapors present) and 𝛾𝛾𝑆𝑆𝑆𝑆 is the solid-vapor interface in 
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equilibrium at pressure p. The free energy change, ∆𝐺𝐺 accompanying the 
transfer of saturated vapors until the equilibrium pressure reaches 𝑝𝑝𝑟𝑟 can 
be expressed as follows: 
 

 𝜋𝜋𝑟𝑟 =  ∆𝐺𝐺 =  −(𝑅𝑅𝑅𝑅 𝑀𝑀𝑀𝑀)⁄ ∫ 𝑟𝑟
𝑝𝑝

𝑝𝑝𝑛𝑛
0  𝑑𝑑𝑝𝑝                                              (4) 

 
Here, ∆𝐺𝐺  is the surface free energy change during adsorption of 

vapor on a solid surface, R is the universal gas constant, T is the test 
temperature, M is the molecular weight of the adsorbate (vapor),𝑀𝑀 is the 
specific surface area of the adsorbent (solid substrate) and n is the 
amount of adsorbate adsorbed. The interfacial work of adhesion between 
the solid surface and vapor,  𝑊𝑊𝑆𝑆𝑆𝑆

𝑟𝑟 , is related to the equilibrium spreading 
pressure,𝜋𝜋𝑟𝑟, and total surface free energy of the vapor, 𝛾𝛾𝑆𝑆𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, as follows: 
 

         𝑊𝑊𝑆𝑆𝑆𝑆
𝑟𝑟 =  𝜋𝜋𝑟𝑟 + 2𝛾𝛾𝑆𝑆𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟                                                        (5) 

    
Equation (5) is reportedly valid for high surface energy materials 

such as minerals and aggregates [2, 37]. Moreover, Good-van Oss-
Chaudhury (GVOC) theory [38] is very useful for determining the surface 
free energy components of solid surfaces by measuring the work of 
adhesion in their interactions with other liquids or vapors. According to 
this theory, total surface free energy of any material can be divided into 
dispersive and polar components (non-polar or van der Waals 
interactions and Lewis acid-base interactions, respectively). Thus, these 
components can be combined to obtain the total surface free energy as 
follows: 
 

𝛾𝛾𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 =  𝛾𝛾𝐿𝐿𝐿𝐿 + 𝛾𝛾𝐴𝐴𝐴𝐴 =  𝛾𝛾𝐿𝐿𝐿𝐿 + 2 �𝛾𝛾+𝛾𝛾−                                         (6) 
 

Here: 𝛾𝛾𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  is the total surface free energy;  𝛾𝛾𝐿𝐿𝐿𝐿  and 𝛾𝛾𝐴𝐴𝐴𝐴  are the 
Lifhsitz-van der Waals or dispersive and acid-base or polar components, 
respectively; 𝛾𝛾+  is the Lewis acid component and 𝛾𝛾−  is the Lewis base 
component. Similarly, the work of adhesion between a solid and a vapor 
phase ( 𝑊𝑊𝑆𝑆𝑆𝑆

𝑟𝑟 ) can be calculated using GVOC theory as follows: 
 

 𝑊𝑊𝑆𝑆𝑆𝑆
𝑟𝑟 =  2 �𝛾𝛾𝑆𝑆𝐿𝐿𝐿𝐿𝛾𝛾𝑆𝑆𝐿𝐿𝐿𝐿 +  2 �𝛾𝛾𝑆𝑆+𝛾𝛾𝑆𝑆− +  2 �𝛾𝛾𝑆𝑆−𝛾𝛾𝑆𝑆+                                     (7) 

 
This relation between work of adhesion and square roots of surface 

free energy components of solids and liquids is linear and can be solved 
by using data acquired from observations of interactions between a given 
surface and three different probe vapors with known surface energy 
components. In applications of this approach presented here n-hexane, 
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ethanol and water were selected for this purpose as non-polar or 
dispersive, mono-polar and bi-polar probe vapors, respectively. 
 

Precise measurement of surface area is essential for obtaining 
accurate surface free energy estimates when using gas adsorption 
techniques (as it is one of the variables used in the calculations), but the 
surface area is irrelevant when using the contact angle method.  Brunauer, 
Emmett and Teller [39] derived the following equation, now known as the 
BET equation, for a multi-molecular adsorption isotherm representing 
adsorption on a free surface [39]: 
 

𝑝𝑝
𝑟𝑟(𝑝𝑝𝑜𝑜−𝑝𝑝)

=  1
𝑟𝑟𝑚𝑚𝐶𝐶

+  (𝐶𝐶−1)𝑝𝑝
𝑟𝑟𝑚𝑚𝐶𝐶𝑝𝑝𝑜𝑜

                                                             (8) 

 
A plot of 𝑝𝑝/𝑛𝑛(𝑝𝑝𝑟𝑟 − 𝑝𝑝)  vs 𝑝𝑝/𝑝𝑝𝑟𝑟 is linear, and values of both 1/𝑛𝑛𝑚𝑚𝐶𝐶 

(intercept) and (𝐶𝐶 -1)/𝑛𝑛𝑚𝑚𝐶𝐶  (slope) can be obtained from experimental 
data. 𝑝𝑝, 𝑝𝑝𝑟𝑟 and 𝑛𝑛 are partial vapor pressure, maximum saturation vapor 
pressure, and mass of vapor adsorbed per unit mass of the minerals or 
aggregates, respectively. The constants 𝑛𝑛𝑚𝑚 and 𝐶𝐶 are adsorption process 
parameters or sorption constants based on the heat of adsorption; 𝑛𝑛𝑚𝑚 is 
the monolayer capacity of the vapor covering the solid 
(minerals/aggregates) surface. A typical isotherm representing 
adsorption characteristics of minerals and aggregates is of type-II (as 
shown in Fig. 4), which shows large deviation from the ideal Langmuir 
adsorption model, and the intermediate plateau in the isotherm 
corresponds to monolayer formation.  
 

 
Fig. 4. Sorption isotherm of type-II. 
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Thus, the specific surface area, 𝑀𝑀 of a solid (of minerals or aggregates 
in this context) can be calculated using the following equation: 
 

𝑀𝑀 = (𝑛𝑛𝑚𝑚𝑁𝑁𝑟𝑟𝛼𝛼)/𝑀𝑀                                                             (9) 
 

where 𝑁𝑁𝑟𝑟 is Avogadro’s number, 𝑀𝑀 is molecular weight of the probe 
vapor, and 𝛼𝛼 is projected area of a single molecule of the probe vapor [40]. 
The BET equation, which reduces to the Langmuir equation in the low 
relative pressures domain, describes adsorption relatively well for cases 
with medium relative pressures from 0.05 to 0.35, i.e. after formation of a 
monolayer. In some cases, the BET equation also gives satisfactory results 
with relative pressures up to 0.5 [41]. The monolayer capacity 𝑛𝑛𝑚𝑚 of the 
vapor covering the solid can be calculated from the slope S and intercept I 
of the best linear fit of a BET plot as follows:  
 

𝑛𝑛𝑚𝑚 =  1
𝑆𝑆+𝐼𝐼

                                                                  (10) 
 

In the studies this thesis is based upon specific surface areas of 
minerals and aggregates were determined experimentally using Krypton 
(Kr) and Nitrogen (N2), and subsequently used in calculations of 
spreading pressures of all three probe vapors on the minerals’ and 
aggregates’ surfaces. 
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In the first of two experimental studies microscale properties of 
materials used in CMA were evaluated. Measured properties included the 
SFE of both binders and minerals/aggregates to evaluate the adhesive 
bond strength of bitumen-mineral/aggregate interfaces. In this study, 
surfaces of binders were characterized by measuring contact angles of 
sessile drops of known probe liquids at the substrate surface, while 
surfaces of minerals and aggregates were investigated by both the contact 
angle method and the sorption method using probe vapors with known 
surface energy components.  

In the sessile drop contact angle method, a drop of a probe liquid is 
placed on the surface of a solid substrate and when the drop becomes 
static or sessile its contact angle is measured and subsequently used for 
surface energy calculations. A DSA100 (Drop Shape Analysis) system 
from KRÜSS (Germany) was used to measure contact angles of drops of 
known probe liquids on the surface of each tested material. Three probe 
liquids (diiodo-methane, formamide and water) of known surface 
tensions (Table 1) were used in this study to characterize the unknown 
surface free energy components of the substrates [42]. The DSA100 
instrument measures contact angles of either sessile or pendent drops by 
an optical technique. It has four automatic dosing units on an arm that 
are connected through four channels for different probe liquids and one 
manual dosing unit. The contact angle is measured when a drop is static 
and gravitational forces are balanced with interfacial tension. In this 
study, the drop size was 7 µl for all probe liquids and deposition height 
was optimized to avoid splashes.  

Table 1. Probe liquids used and their surface tensions (units, mN/m). 

Probe Liquids Total Liquid IFT   Dispersive 
Component 

Polar 
Component 

Diiodo-methane 50.80 48.50 2.30 
Formamide 58.20 39.50 18.70 

Water 72.80 21.80 51.00 
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 A Micromeritics ASAP2020 system (Fig. 5) was used in vapor 

sorption experiments to estimate the SSA and SFE of selected minerals 
and aggregates. A flow chart showing steps to calculate SFEs of solids is 
presented in Fig. 6. SFEs of minerals and aggregates were calculated from 
the adsorption isotherms obtained from experiments with the three 
mentioned probe vapors (n-hexane, ethanol and water) and surface areas 
obtained from experiments with the inert vapors (Kr and N2). Spreading 
pressures of all three probe vapors were determined after obtaining 
adsorption isotherms for them on the mineral/aggregate surfaces, and 
surface energy components were calculated using GOVC theory.  

 

 
Fig. 5. ‘Schematic for Degassing’ and ‘Schematic for vapors adsorption’ 

to ‘Degassing settings’ and ‘Vapor adsorption settings’, respectively. 
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The selection of probe liquids for vapor adsorption studies is listed in 
Table 2. The selection is not optimal with respect to the variation in polar 
and dispersive interactions. However, the gas adsorption technique limits 
the selection to liquids with a vapor pressure of 0.1 – 100 kPa at ambient 
temperature. The practical set up also did not permit the use of toxic 
liquids as well as containing any volatile components.   

Table 2. SFE components of probe vapors (units, mN/m). 
Probe 

Liquids 
Total SFE,  

𝛾𝛾𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 
 

Dispersive, 
 𝛾𝛾𝐿𝐿𝐿𝐿 

 

Polar, 
 𝛾𝛾𝐴𝐴𝐴𝐴 

 

Acid, 
 𝛾𝛾+ 

 

Base, 
 𝛾𝛾− 

 n-Hexane 18.4 18.4 0 0 0 
Ethanol 21.40 18.8 2.6 0.02 68 
Water 72.80 21.80 51.00 25.5 25.5 

 

After complete degassing, each sample surface was exposed to the 
probe vapor environment with 20 equal increments of partial probe vapor 
pressure from vacuum to maximum saturation to obtain a full adsorption 
isotherm. Following each increment of vapor pressure, the adsorbed mass 
was recorded after reaching equilibrium. Some of the measurements were 
repeated to confirm the sensitivity of the method. 

 

 
Fig. 6. Flow chart showing steps for estimating SFEs of minerals and 

aggregates using the sorption method. 
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In the second part of this study, a new method was developed and 
applied to investigate bitumen emulsions’ breaking and coalescence 
processes in different climates (e.g. with emulsion present). The 
experimental setup for studying the coalescence process consists of a 
camera, light source, climate chamber with optically transparent walls, a 
transparent glass container with two L-shaped probes, temperature and 
humidity sensors and a Peltier heating panel connected to a temperature 
bath (Fig. 7a). Bitumen drops of 1-4 mm diameter are attached to the L-
shaped probes and brought into contact with each other to initiate 
coalescence, after filling the glass container with relevant solvents 
(aqueous phase with and without selected additives). 

 

Fig. 7. a) Experimental setup for studying the coalescence of 
bitumen droplets, and b) bitumen droplets formed on a silicone mold. 

 

Bitumen samples are heated in the oven to form a flowing liquid (160 
to 180 oC, depending on bitumen grade) then droplets of various 
diameters are formed on the surface of a silicone mold (which provides a 
non-stick surface for bitumen) using a syringe and needles with 
appropriate sizes (Fig. 7b). After this, the mold and bitumen droplets are 
placed in a -20 oC freezer for 2-3 hours to stabilize their shapes, but 
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coalescence experiments were carried out at higher test temperatures and 
started when drops reached the selected temperatures. 

The process of droplets coalescing when brought together is recorded 
by a video camera. Then coalescence times are determined from the 
images and used to assess effects of variables such as binder grades, 
droplet sizes, test temperatures, types of emulsifiers, additives (salts at 
various concentrations, adhesion promoters etc.), pH and solvents on the 
process. 
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 MATERIALS AND PREPARATION 4

 

The materials used in the studies included several 
minerals/aggregates, binders and additives commonly used to promote 
adhesion. The binders were emulsion grade, unaged and unmodified 
straight-run Nynas bitumen products with 160/220, 70/100 and 50/70 
penetration grades. Their physical properties and chemical constituents 
(according to chromatographic analysis using an Iatroscan MK 6S 
instrument) and SARA (Saturates, Aromatics, Resins and Asphaltenes) 
fractions are shown in Tables 3 and 4, respectively. 

Table 3. Physical properties of the three grades of base bitumen.  

 

Table 4. SARA Fractions of the three grades of base bitumen 
obtained from chromatographic analysis. 

 

The additives used were Wetfix N and Redicote EM44® from 
AkzoNobel. Wetfix N is a standard amine-based adhesion agent and 
Redicote EM44 is essentially a standard amine-based emulsifier for rapid 
and medium setting cationic bitumen emulsions which is being applied in 
Europe, Asian Pacific countries and Africa for cationic rapid setting, 
open-graded cold mixes, penetration macadam, surface dressing or chip 
seal, and tack coat or bond coat applications. The viscosity and density of 

Bitumen 
Grade 

Penetration 
(mm/10) 

Softening 
point (°C) 

Dyn. 
Viscosity 
[Pa.s] @ 

60°C 

Kin. 
Viscosity 
[mm2/s] 
@ 135°C 

Fraass 
breaking 

point 
[oC] Min Max Min Max 

50/70 50 70 46 54 145 295 -8 
70/100 70 100 43 51 90 230 -10 

160/220 160 220 35 43 30 135 -15 

Bitumen 
Grade 

Saturates 
(%wt.) 

Aromatics 
(%wt.) 

Resins 
(%wt.) 

Asphaltenes 
(%wt.) 

50/70 3.6 52.4 22.7 21.3 
70/100 6.4 48.6 26.2 18.8 
160/22

 
9.0 54.3 22.2 14.5 
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EM44 are around 450 mPa.s and 930 kg/m3 at 20 oC, respectively. It is a 
yellow to red liquid, and soluble in alcohol or hydrocarbon solvents but 
only dispersible or insoluble in water. Redicote EM44 is a commercial 
emulsifier for bitumen, so the exact chemical composition is not given. 
However, most commercial emulsifiers consist of mixtures of more than 
one emulsifier to optimize properties for particular applications [6].  

 The minerals and aggregates included four samples of stones (three 
types of granite from different quarries in Sweden and a basalt rock from 
Iceland) and seven types of minerals, all with size distribution of 2-4 mm. 
The minerals included typical constituents of granite (one type of quartz, 
two types of feldspar and two types of mica), and two others: gypsum and 
calcite. 

According to rock composition analysis using the petrographic 
method [43] and a polarizing microscope, aggregates from Skärlunda 
(one of the Swedish quarries) are characterized as foliated medium 
granite with 40% quartz, 35.5% potassium feldspar, 14% plagioclase, 4% 
muscovite, 3% biotite, 2.5% chlorite and 1% other minerals. Similarly, 
Arlanda granite contains 85-90% free quartz and quartz-biotite rich 
metasediments with low proportions of albite (a plagioclase feldspar), 13% 
free biotite-muscovite and 2-3% free hornblende. 

Bitumen surfaces were prepared (with and without additives) in the 
presence and absence of water phases (also with and without additives) in 
the following three ways (illustrated in Fig. 8) to measure and compare 
their surface free energies [44]. 

Method O: Pure unmodified bitumen was heated to 80-90 oC above 
softening point then spread over glass slides. Coated samples were cooled 
at ambient temperature overnight in a fume hood under cover, while 
protecting the surfaces from dust particles. 

 

Method A: Bitumen (160/220, 70/100 and 50/70) was heated to 
80-90 oC above softening point then mixed with additives at selected 
percentages (EM44 1%, Wetfix 0.8%, w/w). The hot bitumen was then 
coated on glass slides and samples were put in a fume hood overnight for 
cooling. The surface energies of the cooled surfaces were measured using 
contact angle methods. 
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Method B: Two step process. First, samples of pure unmodified 
bitumen were prepared as in Method O, but the next day they were placed 
in water solutions containing EM44 (1%) or Wetfix (0.8%) for 3 days. 
Then they were removed from the solutions, their surfaces were washed 
with distilled water and they were allowed to dry in a fuming hood for 48 
hrs. The surface energies of dried samples were measured using contact 
angle methods. 

 

Fig. 8. Schematic illustrations of the three methods for preparing 
surfaces of binders (shaded grey) without (method O) and with additives 

(methods A and B): additives shown as molecules with dark blue 
lipophilic chains and red polar head groups, the light blue phase in 

Method B is water. 

Test samples of the selected minerals and aggregates with size 
distribution of 2-4 mm were collected from representative stockpiles and 
prepared by washing with distilled water, drying overnight in an oven at 
110 oC and cooling in a fume hood at room temperature. Their SFEs were 
then characterized by vapor adsorption analysis.  
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5.1 SFEs of binders (measured by the contact angle 
method) 

 

Mean contact angles (CA) of three probe liquids on the surface of 
bitumen without and with emulsifiers and adhesion promotors are 
plotted in Fig. 9. There were no major differences in mean contact angles 
(CAs) of the three probe liquids on the surface of bitumen with and 
without emulsifiers or adhesion promotors prepared using methods A 
and O (with and without addition of Redicote EM44 or Wetfix). The CAs 
of drops of both polar probe liquids (formamide and water) on samples 
prepared using method B were lower, while those of the non-polar or 
dispersive probe liquid (diido-methane) were similar to those placed on 
samples prepared using Methods A and O. 

Initially, experiments involving additions of emulsifier and adhesion 
agents were included simply to analyze their effectiveness as surface 
active agents and adhesion promotors. However, subsequent interest 
focused on possibilities to improve their effectiveness by dissolving them 
in water then placing the binder in the resulting aqueous phase (method 
B), rather than adding them directly to the binder phase (method A). The 
rationale was that it could increase the likelihood of the additives 
displacing water molecules from stone surfaces in contact with bitumen 
emulsions and (thus) promoting both breaking of the emulsions and the 
bitumen fully coating the stone surfaces. 
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Fig. 9. Mean contact angles of drops of indicated probe liquids on 

bitumen surfaces prepared using indicated methods. 
 

Adding emulsifier EM44 or Wetfix N to the bitumen phase (Method A) 
caused no significant changes to the surface free energies of the binder, 
relative to those recorded for samples prepared by Method O. However, 
exposing bitumen surfaces to the water phase containing these additives 
(Method B) caused significant differences in the surface free energies of 
the binders, as illustrated in Fig. 10. The differences in activities of these 
additives may be due to Method B enhancing the possibility of emulsifier 
or surfactant molecules with long lipophilic carbon chains (8-18 C atoms) 
and hydrophilic head groups such as EM44 and Wetfix N interacting with 
both bitumen and the aqueous phase, rather than being embedded in the 
bitumen. Moreover, Surface tensions of water phases containing additives 
were measured using the Wilhelmy plate method [45] and found to be 
71.7, 31.5 and 28.4 mN/m for pure water, redicote EM44 and Wetfix, 
respectively; while those of water phases containing 1% EM44 and 0.8 % 
Wetfix were 36.8 and 31 mN/m, respectively. These results indicate that 
these additives decrease the surface tension of water, which might result 
in better coating of the bitumen. Furthermore, the polar contributions to 
SFEs of binders prepared using method B can be correlated with the 
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surface tensions of water phases containing the emulsifier (EM44) or 
adhesion agent (Wetfix). 

 

 
Fig. 10. Surface Free Energies of indicated bitumen surfaces prepared 

without and with additives. 
 

Moreover, the sensitivity of the binders’ SFEs to the addition of 
Redicote EM44 or Wetfix in the water phase (Method B) was positively 
correlated with their softness. These differences in surface free energies 
may be linked to their viscous behavior, which we have previously 
evaluated [7]. 
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5.2 BET plots for estimating surface area 
 

BET method has been widely accepted as method of choice for the 
determination of surface area, due to the simplicity of its application [46-
48]. However, it is based on assumptions of the molecular projection area 
which is known to vary with the range of temperature and pressure. 
Unfortunately, it has been suggested more than one value of the 
molecular projection area for even simple gases such as Ar and N2 exist. 
The variation in proposed molecular projection areas increases for more 
complex gases [49-50].  

In the previous studies [2,37], BET surface area of aggregates was 
calculated based on n-hexane adsorption isotherm, however, in this study 
Kr and N2 vapors were also used along with n-hexane vapors, to measure 
surface areas of minerals and aggregates (Table 5) as these are more 
conventional and standard vapors [51] used for specific surface area 
measurements of solids. Moreover, molecular projection areas for Kr, N2 
and n-hexane were found in the literature as 21 Å, 15.4-16.2 Å and 36-56 
Å, respectively [46, 49, 51-52], but in the study 21Å, 16.2Å and 36Å were 
picked for Kr, N2 and n-hexane. Precision in SSA calculation depends on 
the range of molecular projection areas of probe molecule. Molecular 
weights of Kr and n-hexane are similar (and approximately three-fold 
heavier than N2 molecules). However, the adsorption isotherms in the 
BET region for these vapors (Fig. 11) show that Kr and n-hexane vapors 
have substantially different adsorption gradients, and surfaces of the 
tested minerals and aggregates have higher affinity for n-hexane than for 
Kr and N2. Both Kr and N2 vapors are more sensitive to the presence of 
moisture [53] and a slight change in the recorded surface area due to 
appearance of hydrophilic sites, probably OH groups have been reported 
[54].  
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Fig. 11. Adsorption isotherms of krypton and n-hexane in the BET region 
(relative pressure: 0.05 – 0.35) for (a) Arlanda granite, (b) Skärlunda 
granite, (c) Red granite and (d) the tested minerals. [Mol. wt. of kr, N2 and 
n-hexane = 83.8, 28.01, and 87.18 g, respectively]. 

 

Table 5. Measured BET SSAs of selected minerals/aggregates. 

Mineral/Aggregate 
Samples 

SSA Measured Values (m2/gm) 
with Kr/N2 with n-Hexane 

Quartz 0.06 0.15 
Biotite 0.09 3.33 
Muscovite 0.06 1.12 
Calcite 0.01 0.19 
K-Feldspar 0.02 0.29 
Plagioclase 0.02 0.17 
Gypsum 10.29 3.05 
Basalt 0.55 0.50 
Granite (Arlanda) 0.08 0.15 

Granite (Skärlunda) 0.05 0.20 
Granite (Red) 0.04 0.20 

(a) (b) 

(c) (d) 



RESULTS AND DISCUSSION│24 

5.3 SFEs of minerals and aggregates  
As mentioned earlier, four types of aggregates (from different sources, 

with differing mineral compositions) and seven minerals were selected 
for SFE measurement using the sorption method, with three contrasting 
probe vapors (n-hexane, ethanol and water; Table 2). Adsorption 
isotherms for n-hexane, ethanol and water vapors on surfaces of each of 
these minerals and aggregates at 20 oC (Figs. 12-13) indicate that 
amounts adsorbed at low relative pressures were similar, but at higher 
relative pressures the presence of surface texture such as fibers, flakes or 
(probably) very small capillary spaces strongly increased adsorption. The 
differences in shapes of isotherms and amounts adsorbed (e.g. gypsum 
samples adsorbed extremely high amounts of water, as shown in Fig. 13a) 
presumably result from surface compositional variations, and difference 
in surface pore sizes and distributions.   

 
 

 

 
 
Fig. 12. Recorded adsorption 
isotherms for (a) water, (b) 
ethanol, and (c) n-hexane vapors 
on surfaces of indicated minerals. 
 

 

(a) (b) 

(c) 
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Fig. 13. Recorded adsorption 
isotherms for (a) water, (b) 
ethanol, and (c) n-hexane vapors 
on gypsum surfaces. 

 

 Spreading pressures calculated according to equation (4), presented 
in the theoretical review, for all combinations of samples and vapors are 
presented in Fig. 14.  Those of water vapor on the surfaces of minerals 
and aggregates are consistently higher than those of ethanol and n-
hexane vapors, which was expected due to the known hydrophilic nature 
of the aggregate surface. Changes in the surface free energy of specific 
mineral or aggregate types arising from interactions with vapors, or 
spreading pressures of adsorbed vapor on their surfaces, provide 
information about the nature of their surfaces and affinity for bonding 
with bitumen. In particular, the spreading pressure of water vapor on 
minerals/aggregates is negatively correlated with the strength of bonding 
between the minerals/aggregates and bitumen. The interfacial bond 
strength calculations are presented in more detail in section 5.4. 

 

 

 

(a) (b) 

(c) 
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Fig. 14. Spreading pressures of 
adsorbed (a) water, (b) ethanol, 
and (c) n-hexane vapors on 
surface of indicated minerals.  

 

Moreover, Water vapor (which is bi-polar) has much stronger effects 
in this respect than mono-polar ethanol and non-polar n-hexane as 
gypsum (and quartz) contain oxygen and sulfur in their chemical 
structure which have high affinities for polar molecules. 

SFEs of the selected minerals and aggregates estimated using the 
sorption and contact angle methods were compared with the values 
existing in literature, as illustrated in Table 6. Total SFEs were calculated 
according to equation (6), and surface energy components were 
calculated using the following equations (11-13): 

𝜸𝜸𝑳𝑳𝑳𝑳 =  �𝜋𝜋𝑒𝑒
𝑛𝑛−𝐻𝐻𝑒𝑒𝐻𝐻𝐻𝐻𝑛𝑛𝑒𝑒 + 2𝛾𝛾𝑇𝑇𝑜𝑜𝑇𝑇𝐻𝐻𝑇𝑇

𝑛𝑛−𝐻𝐻𝑒𝑒𝐻𝐻𝐻𝐻𝑛𝑛𝑒𝑒�
2

𝟒𝟒𝛾𝛾𝐿𝐿𝐿𝐿
𝑛𝑛−𝐻𝐻𝑒𝑒𝐻𝐻𝐻𝐻𝑛𝑛𝑒𝑒                                                               (11) 

𝜸𝜸+ =  
�𝜋𝜋𝑒𝑒𝑒𝑒𝑇𝑇ℎ𝐻𝐻𝑛𝑛𝑜𝑜𝑇𝑇 + 2𝛾𝛾𝑒𝑒𝑇𝑇ℎ𝐻𝐻𝑛𝑛𝑜𝑜𝑇𝑇

𝑇𝑇𝑜𝑜𝑇𝑇𝐻𝐻𝑇𝑇 −�2�𝛾𝛾𝑒𝑒𝑇𝑇ℎ𝐻𝐻𝑛𝑛𝑜𝑜𝑇𝑇
𝑇𝑇𝑜𝑜𝑇𝑇𝐻𝐻𝑇𝑇 𝜸𝜸𝑳𝑳𝑳𝑳��

2

4𝛾𝛾𝐸𝐸𝑇𝑇ℎ𝐻𝐻𝑛𝑛𝑜𝑜𝑇𝑇
−                                                    (12) 

 

(a) (b) 

(c) 
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𝜸𝜸− =  
�𝜋𝜋𝑒𝑒𝑤𝑤𝐻𝐻𝑇𝑇𝑒𝑒𝑤𝑤 + 2𝛾𝛾𝑤𝑤𝐻𝐻𝑇𝑇𝑒𝑒𝑤𝑤

𝑇𝑇𝑜𝑜𝑇𝑇𝐻𝐻𝑇𝑇 −��2�𝛾𝛾𝑤𝑤𝐻𝐻𝑇𝑇𝑒𝑒𝑤𝑤
+ 𝜸𝜸+�−�2�𝛾𝛾𝑤𝑤𝐻𝐻𝑇𝑇𝑒𝑒𝑤𝑤

𝐿𝐿𝐿𝐿 𝜸𝜸𝑳𝑳𝑳𝑳� ��
2

4𝛾𝛾𝑤𝑤𝐻𝐻𝑇𝑇𝑒𝑒𝑤𝑤
+                                 (13) 

The spreading pressures and total SFEs of n-hexane were used to 
calculate the dispersive energy component of the SFEs. For the Lewis acid 
component of surface free energy (γ+) and the dispersive energy 
component the spreading pressure of ethanol vapor and n-hexane data 
were used, respectively. Similarly, for the Lewis base component (γ-), n-
hexane, ethanol and water data were used. The accuracy of these 
calculations clearly depends on the accuracy of input parameters, e.g. 
specific surface areas and spreading pressures. 

Table 6. Measured and previously published SFEs of minerals and 
aggregates. 

 

The total SFEs of the selected minerals and their polar and dispersive 
components obtained using the sorption method (with SSAs calculated 
using Kr/N2 and n-hexane vapor data presented in Table 5, respectively) 
are compared to values obtained using the contact angle method in Table 
6, respectively. The results indicate that although polar interactions are 
the main determinants of most minerals’ SFEs, they have some subtle 
differences that may be important, especially in sensitive systems such as 
emulsified bitumen. More specifically, minerals and aggregates with 
strong polar SFE components will have strong affinity for water 
molecules and tend to form weak bonds with bitumen in the presence of 
moisture, and vice versa.  
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As shown in Table 6 the measured SFEs of the minerals and 
aggregates show similar trends as previously published values for samples 
of the same minerals. However, the same minerals vary a lot if they 
belong to different quarry sites or that have been subjected to acid 
cleaning, washing by any other chemical, or heating at elevated 
temperatures. The pattern of differences in total SFEs obtained by the 
three methods for muscovite and biotite is quite similar, and generally the 
results indicate that biotite has a higher total SFE than muscovite. This is 
consistent with expectations as muscovite and biotite are both 
phyllosilicates or sheet silicate minerals in which a quarter of the 
tetrahedral sites are occupied by Al3+ rather than Si4+, and the charge is 
balanced by monovalent potassium in the interlayer. However, muscovite 
consists of dioctahedral sheets whereas biotite has trioctahedral sheets 
and thus is denser (ρ=2.82 and 3.09 g/cm3, respectively).  Moreover, both 
the contact angle method and Kr/N2 based sorption method yielded 
similar total SFEs for muscovite and plagioclase, whereas there are 
substantial differences in the values they yielded for other minerals. 
Similarly, for the dispersive component of SFE all of the methods 
provided similar results, and the values are similar for all of the minerals 
except the feldspars (K-Feldspar and Plagioclase), for which contact angle 
measurements give higher values than sorption data.  

Additionally, contact angle and sorption methods based on SSAs 
derived using Kr/N2 are more sensitive indicators of polar components of 
SFE than sorption methods based on SSAs derived using n-hexane. This 
presumably reflects differences in the nature of the probe vapors and 
their responses to the mineral surfaces. Moreover, surface textures, 
heterogeneity, surface chemistry and the complexity of measurement 
systems also strongly influence the heterogeneity of results obtained 
using different approaches.  

Based on SFEs measurements, a theoretical interface properties 
calculator was set by the authors as illustrated below in the form of 
mathematical equation (14): 

∑ 𝛼𝛼𝑟𝑟𝑟𝑟
1 𝛾𝛾𝑟𝑟 =  𝛼𝛼𝑟𝑟𝛾𝛾𝑟𝑟𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟  =  1                                                               (14) 

Here 𝛼𝛼 is the percentage of point counts of each mineral measured by 
the petrographic method using an optical microscope (and thus its 
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contribution to surface area) and γ is the surface free energy of the 
mineral. This equation can be applied to any aggregate material such as 
granite that consists of different minerals and each minerals’ 
contributions to bonds with bitumen according to its chemical potential 
or surface free energy. 

The experimentally determined SFE for the Skärlunda granite 
(mineral composition presented in Table 7), and values calculated using 
equation (14), with SSAs based on estimates obtained using Kr/N2 vapors, 
are compared in Table 7. The results differ by approximately 25%, which 
is not bad even if we consider the error margins based on surface area 
estimation. But calculations provide us overall picture of asphalt mixtures, 
whereas we are restricted to the specific samples or point based 
calculations of mineral surfaces while measuring physical samples. 

 
Table 7. Calculated SFEs of Skärlunda granite and its main constituents, 
based on specific surface areas calculated from Kr/N2 BET plots, and the 

experimentally determined value. 
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5.4 Adhesion strength of binder-minerals/aggregates 
interfaces 

Surfaces of minerals and aggregates are not clean in reality and 
usually covered with both organic and inorganic substances. This hinders 
use of simple molecular bonding models, especially if moisture is present. 
The surface energy of asphalts and aggregates has been shown to be a 
good predictor of bond strength and moisture susceptibility [37]. The 
probability of bitumen being displaced from the surfaces by water varies 
among aggregates due to differences in their surface mineralogy 
composition, which also indicates their resistance to damage by moisture. 
The difference in absolute bond energy between aggregates and bitumen 
in wet and dry conditions can be calculated from surface energy 
components as shown below in equation (15). 

∆𝑮𝑮𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂/𝒃𝒃𝒃𝒃𝒂𝒂𝒃𝒃𝒃𝒃𝒂𝒂𝒃𝒃
𝒂𝒂𝒃𝒃𝒂𝒂𝒂𝒂𝒂𝒂𝒃𝒃𝒂𝒂𝒂𝒂 (𝒅𝒅𝒂𝒂𝒅𝒅) = 2 �𝜸𝜸𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝑳𝑳𝑳𝑳 .𝜸𝜸𝒃𝒃𝒃𝒃𝒂𝒂𝒃𝒃𝒃𝒃𝒂𝒂𝒃𝒃𝑳𝑳𝑳𝑳  + 2 �𝜸𝜸𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂+ .𝜸𝜸𝒃𝒃𝒃𝒃𝒂𝒂𝒃𝒃𝒃𝒃𝒂𝒂𝒃𝒃−   

+ 2 �𝜸𝜸𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂− .𝜸𝜸𝒃𝒃𝒃𝒃𝒂𝒂𝒃𝒃𝒃𝒃𝒂𝒂𝒃𝒃+  ,         (15) 

and  ∆𝑮𝑮𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂/𝒃𝒃𝒃𝒃𝒂𝒂𝒃𝒃𝒃𝒃𝒂𝒂𝒃𝒃/𝒘𝒘𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂
𝒂𝒂𝒃𝒃𝒂𝒂𝒂𝒂𝒂𝒂𝒃𝒃𝒂𝒂𝒂𝒂 (𝒘𝒘𝒂𝒂𝒂𝒂) =   |𝜸𝜸𝒂𝒂𝒘𝒘 + 𝜸𝜸𝒃𝒃𝒘𝒘 + 𝜸𝜸𝒂𝒂𝒃𝒃|                            (16) 

 where a, b and w represent aggregate, bitumen and water 
respectively and 𝜸𝜸𝒃𝒃𝒊𝒊 represent the interfacial energy between two phases i 
and j that can be computed from their individual surface energy 
components as given below; 

 𝜸𝜸𝒃𝒃𝒊𝒊 =  𝜸𝜸𝒃𝒃𝒊𝒊𝑳𝑳𝑳𝑳  +   𝜸𝜸𝒃𝒃𝒊𝒊𝑨𝑨𝑨𝑨                                                      (17) 

𝜸𝜸𝒃𝒃𝒊𝒊𝑳𝑳𝑳𝑳 = ��𝜸𝜸𝒃𝒃𝑳𝑳𝑳𝑳   −   �𝜸𝜸𝒊𝒊𝑳𝑳𝑳𝑳  �
𝟐𝟐

                                            (18) 

𝜸𝜸𝒃𝒃𝒊𝒊𝑨𝑨𝑨𝑨 =  2 ��𝜸𝜸𝒃𝒃+   −   �𝜸𝜸𝒊𝒊−  �. ��𝜸𝜸𝒃𝒃−   −   �𝜸𝜸𝒊𝒊+  �                         (19) 

The work of adhesion between bitumen (with no additive and with 
either Redicote EM44 or Wetfix) and aggregates in dry and wet 
conditions have been calculated using eqs. (15) and (16), respectively, 
based on their surface free energies. SFE components for bitumen of 
these three viscosity grades are presented in Table 8. 
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Table 8. Surface Free Energy characterization of bitumen 70/100 with 
and without the emulsifier EM44 or adhesion promotor Wet Fix. 

 
  
Work of adhesion values or adhesive bond strengths based on surface 

energy characteristics of each selected aggregate and mineral are 
summarized in Table 9. For each aggregate or mineral and binder 
combination work of adhesion is high in dry conditions, but dramatically 
reduced by the presence of moisture. For binder with no addition of 
Redicote EM44 or Wetfix (prepared using method O), the ratio between 
bond strength in dry and wet conditions is high, but decreases with 
addition of Redicote EM44 or Wetfix (prepared using method B). These 
estimates regarding adhesion between binder and aggregate can be 
correlated with the performance of asphalt mixtures and may be helpful 
for predicting impairment by moisture. 

The results presented in Table 9 also clearly indicate that one of the 
worst aggregates for wet adhesion is basalt and one of the best is 
muscovite. This sharply conflicts with field experience, where basalt is 
generally good and mica poor (possibly due to the poor mechanical 
strength of micas, which so readily break along cleavage planes that 
crystals often form numerous thin layers that look like the pages of a little 
book). 

Table 9. Adhesive bond strengths (mN/m) between the selected 
aggregates/minerals and bitumen (with and without additives) in dry 
and wet conditions, and (dry-to-wet) ratios. 
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It can be noticed that in wet conditions the adhesive bond strength 
between the binder 70/100 and each mineral or aggregate was improved 
by the addition of emulsifier (EM44) or adhesion promoter (Wet Fix). 
Presence of these additives substantially increased the interfacial bond 
strength, and reduced the ratio between dry and wet conditions to close to 
unity. This can be attributed to the increase in polarity of the binder 
phase by the additives.  Furthermore, the results may provide indications 
of the relative performance of the minerals and aggregates with the test 
binder in wet conditions, e.g. red granite performs slightly better with 
bitumen 70/100 than Arlanda and Skärlunda granites (Table 9). Similarly, 
combinations of basalt, quartz and calcite perform poorly with bitumen 
70/100 in the presence of moisture. 

The study also indicates that when using EM44 or Wetfix SFE values 
are much higher in wet conditions than in dry conditions, which is not 
realistic: Wetfix promotes adhesion but not to that extent in the field. One 
reason for this discrepancy is that in practice Wetfix is not used in this 
way, but usually mixed into hot bitumen, which reduces the improvement 
(as verified by the smaller change in SFE between binders prepared using 
methods A and O; Fig. 8, while adding Wetfix to the water phase as in 
Method B strongly influences the SFE). Moreover, the results corroborate 
the assumption that adhesion promotors are only effective if they are 
present at the bitumen/stone interface, and thus can enhance adhesion: 
the surface tension values of these additives indicate that the polar SFE 
contributions they add to bitumen are solely due to the molecules that 
stick to the bitumen surface. But, higher SFEs of binders, in case of 
method B which is representative of CMA, reveal that CMA should have 
much higher strength than HMA, which may not be realistic and these 
calculated values need to be verified by physical measurement on real 
samples. It should also be taken into consideration that the mix designs 
of CMA & HMA are also different and have their own input and the 
resulting mechanical response.  

Moreover, dry-to-wet ratios are strongly influenced by the viscosity of 
binder grades without modification, but these ratios are very similar for 
all of the modified binder grades. It should be noted that dry-to-wet ratios 
close to unity for a combination of mineral/aggregate and binder 
(modified or unmodified) suggest that bitumen coats the surface very well. 
In other words, water will not displace bitumen from the surface of the 
minerals/aggregates, or bitumen and water are roughly equally adsorbed. 
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5.5 Bitumen droplet coalescence 
 

As a visco-elastic material, the characteristic shape relaxation time of 
bitumen is strongly dependent on its physical and chemical properties, 
including viscosity, surface energy and droplet size (see equation 1). 
Moreover, surface free energies of both bitumen and the substrate are 
also important for the wettability (coating and adhesion) and relaxation 
process (coalescence or cohesion).  The ratios between surface energy and 
viscosity (ϒ/η) of binders can be used to predict their rates of relaxation 
or average relaxation time [31].  

In order to develop a method to study coalescence processes in 
bitumen emulsions several challenges had to be addressed. The first was 
to find a means to produce and handle bitumen droplets of different sizes. 
This was done (after various trials) by forming frozen bitumen droplets as 
already described, placing one drop on a glass substrate using very fine 
tweezers, then bringing another drop attached to a vertical needle into 
vertical contact with the top of  the first drop. This vertical setup was 
designed to study the coalescence of two bitumen droplets on top of each 
other under the influence of gravity and a successful test run was made in 
air environment and at ambient temperature. However, the vertical 
configuration was found to be inappropriate for studying the coalescence 
process in a water phase due to buoyancy effects. Thus, a scheme allowing 
drops to be brought into contact in a horizontal orientation was selected 
(Fig. 11) instead to avoid buoyancy effects in aqueous environments. In 
this configuration, both droplets have the same level of immersion 
potential.  

 
Fig. 11. Schematic illustration of the new setup for studying drop 

coalescence. 
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The coalescence of droplets of Nynas bitumen of three viscosity 
grades (160/220, 70/100, and 50/70) has been investigated using the 
new setup, as illustrated by the representative images in Fig. 12. The early 
stage of coalescence (neck formation) was found to be very rapid 
compared to later stages.  

 

Fig. 12. Coalescence of bitumen drops of indicated grades in 
water at 50 oC (without emulsifiers). 

 

The relaxation times, τrelaxation, of the three bitumen grades were also 
studied as functions of droplet sizes and temperatures of the water phase, 
as plotted in Fig. 13(a-c). All experiments were repeated 2 to 3 times to 
ensure that the observed behavior was representative. Results obtained 
with droplets of three size ranges — small (1-2 mm), medium (2-3 mm) 
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and large (3-4 mm) — of all three binder grades are presented in Fig.13. 
The graphs show that droplet size strongly influences τrelaxation if 
temperatures are low and/or hard binders are used, but not at high 
temperatures and/or for hard binders. Also, it should be noted that the 
change from medium to small is less than from large to medium so it 
would be interpreted as a convergence. It can also be seen that 
coalescence time is prolonged with large droplets, in accordance with 
equation (1). 

Moreover, the data displayed in Fig. 13d show that the measured 
relaxation times of bitumen droplets are directly related to the viscosity of 
the bitumen at a given temperature as should be expected. The viscosity 
data are published data for three grades of the base binder converted 
from logarithmic to linear scale. The results also show that the relaxation 
time is directly proportional to the ratio between viscosity and surface 
tension of bitumen, in accordance with Frenkel’s theory of viscous 
sintering. For example, coalescence or relaxation times at 50 o C for the 
160/220, 70/100, and 50/70 binders were 7, 13 and 20 minutes 
respectively. Droplet shrinkage is very rapid in early stages of coalescence 
and the bridge contact length, rb, grows linearly with time for all three 
binders, in accordance with previously published Finite Element based 
theoretical calculations [14]. Moreover, soft binders have higher surface 
energy to viscosity ratios (ϒ/η) than harder binders, which explains the 
difference in their relaxation times [31]. The developed method has also 
been tested on bitumen of the same penetration grade, but from three 
different (chemical) origins. The results show that the method is sensitive 
enough to characterize different binders available in the market [44]. 
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Fig. 13. Coalescence times of Bitumen (a) 50/70, (b) 70/100, (c) 
160/220 in water as a function of droplet size (small, medium and 
large are 1-2, 2-3 and 3-4 mm, respectively) and temperature; and (d) 
dynamic viscosities of three bitumen grades at indicated temperatures. 

 

The types and concentrations of emulsifiers added to stabilize 
bitumen emulsions are usually influenced by the emulsion recipe, mineral 
composition and climatic conditions [56-58]. In bitumen emulsions, 
bitumen droplets are isolated from each other by a polar film of 
emulsifier. Thus, to observe events in an environment closer to that of 
bitumen droplets in bitumen emulsions used in practice, the coalescence 
process was monitored as described above, but after adding Redicote 
EM44 (to 1.0% w/w) to the water. The relaxation times for bitumen 
penetration grades 160/220, 70/100, and 50/70 at 50 oC were prolonged 
by the emulsifier addition to 28, 45 and 50 minutes, respectively (4, 3.5 
and 2.5 times longer than the corresponding times with no emulsifier). 
Moreover, the hardest binder (50/70) did not coalesce completely and 
instead of cohesion, adhesion occurred due to sedimentation. Moreover, 
relaxation time was negatively correlated with the temperature of the 
water phase (Fig. 14).  
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Fig. 14. Coalescence of bitumen drops of indicated grades in water + 
emulsifier + hydrochloric acid (to pH=2.1) at 40 oC. 

 

The presence of surfactants or surface active molecules at the 
interface also changes the surface tension and their variation in 
concentration gives rise to surface tension gradients. Moreover, the 
contraction or expansion of the interface may also affect concentrations 
of surfactants, which leads to variation in surface tension. In early stages 
of coalescence, during neck opening, droplet interfaces contract and if 
emulsifiers are present then such interface shrinkage will increase their 
concentration, thereby reducing surface tension. However, if surfactant 
concentrations are already high, above the critical micelle concentration 
(CMC), further increases (or small variations in surface area) will have 
very minor effects on the surface tension. 
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Salt is often added to water phases of bitumen emulsions, especially 
calcium chloride, because it helps to reduce osmosis of water into the 
bitumen and increases its viscosity during storage. Moreover, calcium 
chloride reduces the settling of emulsions by increasing the water density. 
Thus, this study was extended to analyze effects of adding salts to the 
water phase by comparing relaxation times of bitumen droplets in water 
phases without salt (Fig. 14) and with salt additions (Fig. 15). Adding 0.1 
M of anhydrous CaCl2 to the water phase clearly prolonged the 
coalescence time.   

 

Fig. 15. Coalescence of pairs of bitumen drops of indicated grades in 
water + emulsifier + salt + hydrochloric acid (to pH=2.1) at indicated 

temperatures. 
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At various salt concentrations and ionization potentials several 
phenomena related to phase separation were observed, e.g. increases in 
water phase density at high salt concentrations and phase inversion at 
critical salt concentrations, in accordance with the reported acceleration 
of coalescence driven by increases in salinity in emulsion systems [59]. 
The observations were also consistent with DLVO theory [60] explaining 
the destabilizing effects of neutral salts in emulsions that compress the 
double layer and reduce the repulsion potential, resulting in flocculation, 
and the Schulze-Hardy rule that critical flocculation concentrations are 
much higher for monovalent ions than for divalent and trivalent ions 
(100:1.6:0.13). Thus, divalent ions destabilize emulsions much more 
rapidly (more than 50-fold faster) than monovalent ions [61]. 

Finally, droplet coalescence was investigated in aqueous mixtures of 
organic solvents. The results highlight effects of variation in surface 
tension and reductions in density. The presence of organic solvent also 
ensures that the coalescence process is largely driven by inertia, which 
improves the stability of early neck formation. Initially, pure water phases 
with and without salt were prepared for these coalescence experiments, 
but subsequently water was mixed with 10% methanol, ethanol, glycerol 
or 2-propanol. To allow relatively quick analyses a soft grade bitumen 
(160/220) was selected as it coalesces faster than hard ones. The 
relaxation or coalescence times of bitumen droplets in mixed solvent 
phases with and without salt showed that the presence of salt in mixed 
solvent environments prolongs the relaxation process (Fig. 16). 
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Fig. 16. Coalescence of bitumen160/220 in mixed solvents with and 
without salt [water + 10 % methanol, ethanol, 2-propanol or glycerol), 

Redicote EM44, 0.1M CaCl2 @ pH 2.1, Temperature 40 oC]. 

 

Addition of organic solvents to the water phase not only affects the 
densities but also changes the viscosities and surface energies of the 
mixture phases [62-63]; the main driving forces of coalescence. 
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This thesis is based on two studies performed to enhance the 
understanding of CMA. The first involved characterization of physico-
chemical properties of bituminous base binders and minerals/aggregates 
at micro level, while the other involved the development and application 
of a new method for studying breaking and coalescence mechanisms in 
bitumen emulsions (as used in cold mix asphalt) via phase separation or 
water extraction. In the first study microscale properties including 
surface free energies were estimated using contact angle and vapor 
sorption methods. Furthermore, work of adhesion between binders and 
aggregates was calculated (based on SFEs) in both dry and wet conditions. 
In the second study, the shape relaxation kinetics of pairs of bitumen 
droplets were monitored using a new method involving bringing them 
into horizontal contact using L-shaped probes while recording their 
interactions with a light source and a video camera. 

The experiments confirmed that accurate measurements of specific 
surface areas are essential for accurate calculations of SFEs of minerals 
and aggregates. They also demonstrate that appropriate vapors must be 
used in adsorption analyses of solids’ specific surface areas (as shown by 
the variation in results obtained using Kr, N2 and n-Hexane vapors). 

The following conclusions were drawn: 

 Surface active species like emulsifiers and adhesion promotors 
are active and bring a drastic change to the surface characteristic 
of bituminous binders if added to the water phase as compare to 
mixing directly into hot bitumen. 

 Minerals and aggregates surfaces have high activity for n-Hexane 
as compared to Krypton and N2 molecules.  

 Higher the spreading pressures of the minerals/aggregates for 
water adsorption as compared to n-hexane vapors, may give an 
indication of bond between minerals/aggregates  and bitumen 
which easily could be displaced by water. 

 Presence of moisture on the surface of the aggregates decreases 
the surface free energy of the overall system and due to this 
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change in surface energy, favors more likely water to displace 
bitumen from the aggregate surface.  

 The adhesive bond strength for the binder with each 
mineral/aggregate combination in wet condition has been 
improved by using additives. 

  The use of Wetfix seems to improve the adhesive bond strength 
under dry conditions (HMA). 

 CMA using redicote EM44 seems to give higher bond strength 
than HMA without any additive under dry conditions. 

The presented study has highlighted the need for accurate 
measurements of aggregates’ and minerals’ specific surface areas and 
(hence) requirements to develop new approaches to resolve problems 
associated with BET-based methods. The calculated adhesion strength 
values need to be verified by physical measurement on real samples. 

The coalescence experiments showed that relaxation times of 
bitumen droplets are strongly dependent on their physio-chemical 
properties, and the developed method enables systematic investigation of 
relevant parameters. The results also show that that droplets’ coalescence 
or relaxation times are related to their viscosity and size, together with 
the temperature and presence of salts in their environment. The initial 
shrinkage of droplets of all three investigated binders was much more 
rapid than later stages of the coalescence process, in accordance with 
expectations.  

Overall, the thesis has shown two approaches that, combined, can be 
of value to enhance the quality and applicability of CMAs. More 
fundamental material oriented tests will enable the focus on specific 
parameters and thus give tools and ways to better design the CMA as well 
as characterize the currently used materials. Though much empirical 
knowledge is currently present in Sweden on the design and application 
of CMAs, much of this knowledge is implicit or bound to individuals. It is 
hoped that the work upon which this thesis is based will contribute to 
ensure the future applicability and sustainability of CMAs.   
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Considering the complexity of CMA as well as its potential to 
contribute to climate neutral infrastructure, there are many important 
research directions that should be further explored.  

Results obtained with the presented new method for systematic 
investigation of the coalescence of pairs of bitumen droplets exposed to 
various environments were consistent with both theoretical expectations 
and previous findings. However, the rationale of the method for analyzing 
coalescence processes in bitumen emulsions rests on the assumption that 
the results are applicable to large-scale processes, which requires 
validation. A linear relationship between the scales is not essential, but it 
is important to be able to determine the scaling function. Even more 
importantly, qualitative effects of the investigated parameters require 
further confirmation.  

To overcome the laboratory limitations and assist in the 
determination of appropriate scaling functions, a computational method 
based on Navier Stokes simulations, incorporating surface free energy 
parameters could be a possible approach. Further research could thus 
focus on the development of a three-dimensional multiphase model to 
study coalescence processes in more detail, including effects of 
surfactants, pH and other additives such as mineral fillers and salts.  

Additionally, better understanding of the breaking process and water-
push out could help significantly to optimize CMA mix design. Different 
methods, both numerical and experimental could be explored for this. 
Also various scales could be investigated, such as the asphalt mixture 
scale, but also the smaller scale. For the latter, neutron radiography and 
computed tomography available at the Paul Scherrer Institute was 
employed at custom made samples. Though the initial results seemed 
very promising, the resolution was initially found to be too low to make 
conclusive observations. A lot of potential is still present using such 
methods and the resolution issue could be addressed by using a 
combination of x-ray, neutron radiography and computed tomography 
(CT). 
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Finally, the presence of fines in the mastics to optimize the 
mechanical response of the CMA mixtures could also be an important 
topic to further investigate as well as how some of the empirical tests 
could be replace or substituted with the more advanced methods in a 
production laboratory. 
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