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Abstract 
 
There are many variables that affect the viscoelastic properties of asphalt mixtures 
with time, among which age hardening may be considered one of the important 
ones. Age hardening of asphalt mixtures is an irreversible process, which 
contributes to a reduction of the durability of pavements and eventually increases 
the maintenance cost. Beside the environmental effects, ageing in asphalt mixture 
depends on the physicochemical properties of bitumen and mixture morphology 
which is a combined effect of aggregate packing, porosity, air void distribution and 
their interconnectivity. Thus, a clear understanding on the physicochemical 
properties of bitumen and mixture morphology may help to predict the 
performance of asphalt mixtures, which will contribute to longer-lasting and better 
performing pavements. 
 

When looking at the bitumen at micro-scale, one can see microstructures 
appearing under certain conditions which can be partially explained by the 
interaction of the individual phases. Since the thermo-rheological behavior of 
bitumen depends largely on its chemical structure and intermolecular 
microstructures, studying these can lead to understanding of the mechanism, 
speed and conditions under which this phase behavior occurs. Linking this to the 
changes in properties of bitumen can thus lead to better understanding of the 
causes of ageing, its dominant parameters and the resulting diminished 
mechanical response. 
 

To investigate ageing in asphalt pavements, along with physicochemical 
properties of bitumen one needs to also focus on the influence of mixture 
morphology.  It is known that asphalt mixtures with similar percentages of air-
voids can have different morphologies and thus can age differently. Prediction of 
ageing behavior without considering the influence of mixture morphology may 
thus lead to erroneous conclusions and non-optimal mix design. Hence, it is 
important to understand the interplay between the mixture morphology and 
ageing susceptibility and relate this to the long term mixture performance. 
 

The aim of this Thesis was to develop fundamental understanding on ageing in 
asphalt mixtures that can contribute to the asphalt community moving away from 
the currently used accelerated ageing laboratory tests and empirical models that 
can lead to erroneous conclusions. 
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 To reach this aim, experimental and numerical micro-scale analyses on 
bitumen and meso-scale investigations on mixture morphology have been 
performed which, collectively, allowed for the development of a method for the 
prediction of asphalt field ageing, incorporating both mixture morphology and 
micro-scale bitumen mechanisms. For this, first, the mechanisms of surface ageing 
and diffusion controlled oxidative ageing were identified. Secondly, the influence 
of mixture morphology on asphalt ageing susceptibility was investigated. 
Procedures to determine the controlling parameter were then developed and an 
empirical framework to quantify the long-term field ageing of asphalt mixtures 
was set-up. For this, a combination of experimental and numerical methods was 
employed. 
 

An extensive experimental study was carried out to understand the 
fundamental mechanisms behind the micro-structural phase appearance and the 
speed or mobility at which they change. Atomic Force Microscopy (AFM) was 
utilized at different temperatures to investigate the phase separation behavior for 
four different types of bitumen and co-relate it with the Differential Scanning 
Calorimetry (DSC) measurements. Based on the experimental findings, it was 
concluded that the observed phase separation is mainly due to the wax/paraffin 
fraction presence in bitumen (Paper I). A hypothesis was developed of the 
appearance of a thin film at the specimen surface due to ageing which is creating a 
barrier, restricting thus the microstructures to float towards the surface. 
Furthermore, investigation showed that depending on the bitumen and exposure 
types this surface thin film is water soluble and thus the moisture damage becomes 
more severe with the ageing of asphalt pavement (Paper II and IV). 
 

A new empirical relation to obtain the primary structure coating thickness 
was established utilizing mixture volumetric properties and gradation using a 
large set of data from different literature sources. It was found that the enhanced 
morphological framework can be used to optimize the long term performance of 
asphalt mixtures (Paper III).  Thereafter, the effect of diffusion controlled oxidative 
ageing on different mixture morphologies based on oxidative ageing mechanism of 
bitumen and diffusion-reaction process was investigated using the Finite Element 
Method (FEM). From the FE analyses, the effect of air-void distribution and their 
interconnectivity combined with the aggregate packing was shown to have a 
significant effect on age hardening (Paper IV). 
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It was shown that focusing only on the percentage of air-void as the main 
predictive ageing parameter may lead to an erroneous conclusion and non-optimal 
predictions of long-term behavior.  To replace such approaches, a new way to 
predict the long-term ageing was proposed in this Thesis, utilizing the found 
influences of mixture morphology and fundamental mechanism. Though 
additional mechanisms and non-linear coupling between them may be still needed 
to reach the ‘ultimate’ ageing prediction model, the current model was found to be 
a significant improvement to the currently used methods and may lead the way 
towards further enhancing the fundamental knowledge towards asphalt mixture 
ageing (Paper V). 

 
 

KEYWORDS: Ageing, Aggregate packing, Atomic force microscopy, Asphalt 
mixture, Bitumen, Diffusion, Finite element analysis, Gradation, Micro-structure, 
Mixture morphology, Oxidative ageing, Surface ageing 
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Chapter 1 
 
 
 
 
1 Introduction 
 
There are various mechanisms that affect the viscoelastic properties of asphalt 
mixtures in time, among which age hardening can be considered to be an 
important one. Age hardening of asphalt mixtures is an irreversible process, which 
contributes to a reduction of the durability of pavements. Even though bitumen is 
only one component of asphalt mixtures, the overall performance of the asphalt 
pavement is largely dictated by the viscoelastic properties of the bitumen (Allen et 
al., 2012). Through a diffusion process the atmospheric oxygen may reach reactive 
bitumen hydrocarbons which can change these viscoelastic properties. This process 
is often referred to as oxidative ageing and leads to an increase of the overall 
mixture stiffness. Though this may benefit the pavement through enhanced rutting 
resistance, age hardening can cause or accelerate several distresses such as fatigue, 
low temperature cracking and moisture damage (Woo et al., 2008). Beside the 
environmental effects, ageing in asphalt mixture is mainly dependent on the 
physicochemical properties of bitumen and mixture morphology which is a 
combined effect of aggregate packing, porosity, air void distribution and their 
interconnectivity. Thus, a clear understanding of the physicochemical properties of 
bitumen and mixture morphology may help to predict the performance of asphalt 
mixtures, which will contribute to longer-lasting and better performing pavements. 

 
 

1.1 Motivation 
 

When looking at most bitumen on the micro-scale, one can see structures 
appearing under certain conditions (Masson et al., 2006). The thermo-rheological 
behavior of bitumen depends largely on its chemical structure and intermolecular 
microstructures. Consequently, the physical properties of bitumen such as 
stiffness, elasticity, plasticity, adhesion, surface energy or healing are directly 
related to the microstructural phase behavior (Lesueur et al., 1996; Loeber et al., 
1998). Understanding the conditions under which this phase behavior occurs and 
the speed at which it evolves, is therefore of great interest. 
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Long-term asphalt ageing simulation tests are meant to predict the chemical 
and physical property changes in the bitumen occurring after certain years in the 
asphalt pavement. To simulate long-term field aging in the laboratory, different 
types of test methods are currently available (Airey, 2003), focusing on accelerated 
ageing on bitumen, loose asphalt mixture or on compacted asphalt mixture 
specimens. Assuming time-temperature superposition principles, these accelerated 
ageing tests are generally conducted at artificially severe conditions, for example at 
temperatures higher than pavement service temperature and at pressures higher 
than ambient pressures. Moreover, the influence of sunlight on bitumen ageing is 
ignored in these laboratory simulations though bitumen is known to be a good 
light absorber – particularly for UV radiation (Durrieu et al., 2007; Lu et al., 2008; 
Dickinson et al., 1958). It has been found that ageing of bitumen at a higher 
temperature and pressure is fundamentally different from ageing at a lower 
temperature and pressure. The latter can be considered to be more representative 
of the actual physical process that occurs in the pavement (Branthaver et al., 1993; 
Lu et al., 2008; Al-Azri et al., 2006).  So, an investigation on accelerated test residue 
bitumen might not give the true information of what happens due to ageing in the 
field and could lead to erroneous conclusions and subsequent choices. On the other 
hand, one cannot investigate the material for the actual time span, so some 
extrapolation is always needed. For this reason it is important to be as close as 
possible to the physical processes and develop a fundamental understanding of its 
mechanisms. Better understanding of how bitumen microstructures evolve during 
ageing and relate to the resulting mechanical response, opens a large potential for 
tailoring and enhancing the long term properties of asphaltic materials. 
 

To investigate ageing in asphalt pavements, along with physicochemical 
properties of bitumen one needs to also focus on the influence of mixture 
morphological properties on its ageing propensity.  In this, it is important to 
understand the interplay between the mix design parameters such as: coating 
around the aggregate, the average air void size, the porosity and relate these to the 
ageing susceptibility of the mixture. Assuming that the material properties are held 
constant and the influence of different bitumen sources is thus not an issue, at a 
constant air-void content, it can be argued that oxidative ageing can be largely 
explained by the access of air into the mixture. Depending on the availability of air 
in the mixture, the diffusion-reaction process controls its ageing propensity. Thus, 
it is important to understand the effect of the diffusion-reaction process of bitumen 
on mixtures with different morphologies. Since mixture morphology is 
controllable, having insight into how the various morphological parameters 
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influence the mixture’s long-term behavior can be of great value to optimize its 
design, regardless of the individual material properties. 
 

It is known that asphalt mixtures with similar percentages of air-voids can 
have different morphologies and thus can age differently. Prediction of ageing 
behavior without considering the influence of mixture morphology may thus lead 
to erroneous conclusions and non-optimal mix design. Hence, it is important to 
understand the interplay between the mixture morphology and ageing 
susceptibility and relate this to the long term mixture performance. For this reason, 
a more throughout approach is needed, in which, the effects of mixture 
morphology parameters on age hardening can be investigated. From such 
analyses, trends of how mixture morphology parameters influence age hardening 
can be identified that can assist in the development of predictive ageing models. 
This will give the pavement engineering community new tools and insights to 
move away from the currently used empirical methods. 

 
 

1.2 Research objectives and limitations 
 

The aim of this Thesis was to develop fundamental insight into ageing of asphalt 
mixtures by investigating bitumen at the micro-scale and mixture morphology at 
the meso-scale. Additionally, the Thesis aimed at developing a way to predict log-
term field ageing by incorporating mixture morphology.  
 
To reach these aims, this research was divided in the following activities: 
 

– Investigation of the fundamental mechanisms behind the microstructural 
phase appearance and the speed at which they change (Paper I). 
 

– Micro-scale investigation of thin film surface ageing of bitumen, particularly 
the evolutions of microstructures on the bitumen surface due to both 
oxidation and UV radiation (Paper II). 
 

– Enhancement of a mixture morphology framework to enable a continuous 
capturing of possible aggregate packing arrangements in asphalt mixtures 
(Paper III). 
 

– Application of the mixture morphology framework to investigate the effect 
of the morphological parameters on ageing susceptibility of asphalt 
mixtures (Paper III). 
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– Investigation of the effect of diffusion controlled oxidative ageing on 

mixtures with different morphologies (Paper IV). 
 

– Development of a method to predict long-term field ageing by 
incorporating mixture morphology, which can be utilized into performance 
based design tools for asphalt pavements (Paper V). 

 
In the above mentioned activities, a combination of laboratory and numerical 

methods has been utilized.  Atomic Force Microscopy (AFM) was utilized as a tool 
at different temperatures to investigate the phase separation behavior for four 
different types of bitumen. Since AFM is limited to analysis of the surface, 
Differential Scanning Calorimetry (DSC) was employed for investigating the 
ageing effect on bulk crystalline molecule properties.  DSC results were then 
correlated to AFM observations to study how the thermodynamic behavior is 
linked to the crystalline wax/paraffin fractions present in bitumen (Paper I).  
 

After understanding the mechanism of microstructural phase separation at 
the bitumen surface, evolutions of the microstructures due to oxidation and UV 
radiation were investigated. A hypothesis on microstructure evolution due to thin 
film surface ageing was developed and validated utilizing the AFM and the DSC. 
In this, AFM was utilized to provide information of changes of the microstructures 
and the micromechanical properties at the surface due to oxidation and UV 
radiation. A comparison between aged and unaged specimens, based on the DSC 
results, was carried out to detect any changes in behavior and percentage of 
crystalline fractions in the bulk (Paper II). 
 

By using a large data set, a morphology framework was further enhanced to 
enable a continuous capturing of possible aggregate packing arrangements in 
asphalt mixtures. This framework was then applied for the characterization of the 
ageing susceptibility due to the combined effect of aggregate packing, average air 
void size, porosity and level of compaction. This study also hypothesized about the 
mechanisms that lay behind the noted influences and on how mixture design 
improvements may be made. From all the investigated cases, it was found that the 
framework can be used to optimize the durability performance of asphalt mixtures 
(Paper III). 
 

In Paper IV, an investigation of the effect of diffusion controlled oxidative 
ageing on mixtures with different morphologies was conducted. For this, the Finite 
Element Method (FEM) was used.  In these FE analyses, one dense and one open 
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graded asphalt concrete field core were selected. Additionally, a microscopic study 
was conducted where AFM was used as a tool to investigate the surface ageing of 
bitumen. 
 

Furthermore, FE analyses simulating the diffusion-reaction process were 
conducted by implementing the ageing mechanism. Based on these, a parametric 
study was performed in which the effect of morphology on mixture ageing 
susceptibility was investigated. Based on this fundamental understanding and 
integrating the morphology, a model was proposed to predict viscosity change in 
asphalt mixtures. This model was then compared to an existing long-term ageing 
predictive model (Paper V). 

 
It should be noted that the methods and assumptions used and developed in 

this Thesis are only valid under certain boundary conditions. AFM has been for 
investigating the ageing mechanism in bitumen. Yet, a known disadvantage of 
AFM is that it is limited to surface images only and it needs a relatively smooth 
surface. Therefore, one should be aware that sample preparation will influence the 
surface measurement and surface properties might not always reflect bulk 
properties. The asphalt morphology framework is currently still based on the 
simplification that all aggregates are spherical particles and does therefore not take 
into account aggregate angularity and surface roughness. Furthermore, in the FE 
analyses the overall reaction rates has been approximated as the sum of fast and 
slow reactions. Given the fact that bitumen is a complex material that has 
molecules of various sizes, in reality a more continuous range of different oxygen 
reactant species can be assumed. It may therefore be more appropriate to assume 
that in reality the reaction rates may distributed differently from very small to very 
fast depending on types and sources of bitumen. These limitations will be further 
discussed in each chapter and recommendations towards further improvements 
are made at the end of this Thesis. 
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1.3 Content overview 
 

This Thesis consists of an extended summary of the above mentioned five papers 
(Paper I-V). The papers themselves can be found in the appendix at the end. The 
extended summary consists of seven chapters. Chapter 1 explains the research 
motivations, highlights the objectives of each study, the relation between these 
studies and corresponding limitations. Chapter 2 briefly gives an overview of 
oxidative ageing mechanisms, diffusion reaction processes and the mixture 
morphology framework which have been used as a basis in this Thesis. In Chapter 
3, the literature review on the utilized methods for the investigation of the ageing 
susceptibility in bitumen and asphalt mixture is summarized. 
 

The bitumen used in the micro-scale analyses and the asphalt mixtures used 
for the morphological investigation are introduced in Chapter 4. Also, the methods 
and experimental scheme under which these investigations were carried out are 
briefly described. In Chapter 5, the conducted FE analysis for the investigation of 
the influence of diffusion controlled oxidative ageing on different mixture 
morphologies is shown. Chapter 6 consists of a summary of the results and gives an 
extended discussion on the results from the five papers. Chapter 7 gives a summary 
of the conclusions from the research performed in this Thesis and detailed 
recommendations for the continuation of studying ageing mechanisms in asphaltic 
materials.  
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Chapter 2 
 
 
 
 
2 Background 
 
This thesis investigates the effect of diffusion controlled oxidative ageing on 
different mixture morphologies based on oxidative ageing mechanism and 
diffusion-reaction of bitumen. In this process, the mixture morphology framework 
has been utilized to investigate the effect of it on ageing in asphalt mixtures. To 
obtain the objectives of this research, it is important to have understanding on the 
oxidation product, interplay between oxygen diffusion process and age hardening 
of bitumen, and mixture morphology. The following describes the background 
information on oxidative ageing mechanism, diffusion reaction process and 
mixture morphology framework. 
 
 
2.1 Mechanism of oxidative ageing 
 
Oxygen diffusion in asphalt mixture is a very complex process, which depends on 
the diffusion coefficients of bitumen, the air-void distribution (i.e. the oxygen 
availability), along with several environmental factors such as: temperature, 
pressure and humidity. In this section, oxidative ageing is further explored in 
order to develop a mechanism which can be coupled to the morphology and 
conditioning parameters, to enable the investigation of the combined effect. 
 

Depending on the type and source of bitumen, different reactive 
hydrocarbons can be present which may take part in the reaction process (Petersen, 
2007). One can explain the overall oxidative ageing with three different types of 
phenomena: (i) fragmentation, (ii) oxygen addition and (iii) condensation or 
carbonization, as shown in Fig. 1. In fragmentation, the molecules break into smaller 
fragments where water, carbon dioxide, acetic acid and methane are generated as 
by-products. Since these by-products are volatile in nature, in time they leave the 
bitumen matrix. The oxygen addition phenomenon causes carbonyl (C=O) and 
sulfinyl (S=O) group formation in the matrix. In the condensation or carbonization 
process, larger molecular weight molecules and aromatic (benzylic carbon group) 
molecules are formed.  
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Fig. 1. Possible mechanism of oxidative ageing 
 

The fragments, carbonyl, sulfinyl and benzylic carbon groups that are thus 
formed during the oxidation process will increase the polarity of the host 
compounds. Since this makes them much more likely to associate with other polar 
compounds, they create less soluble (in n-alkane medium) hydrocarbons. These 
associated large molecules and loss of volatile molecules due to fragmentation 
reduce the mobility and increase the bitumen’s viscosity (Petersen, 1993). 
Additionally, the presence of fine filler particles in the asphalt mixture may 
possibly play a catalytic role in the overall ageing process 
 
 
2.2 Diffusion controlled oxidative ageing 
 
To model the diffusion controlled oxidative ageing, it is important to understand 
the interplay between oxygen diffusion process and age hardening of bitumen. The 
oxygen concentration in bitumen is dependent on the diffusivity of bitumen and 
the diffusivity of bitumen changes with the oxidation process. Thus, the oxidation 
product and the oxygen diffusivity of bitumen are inter-dependent, as shown in 
Fig. 2. As can be seen, the change of diffusion coefficient is a continuous process 
and it continues until the bitumen reached to a stage that no reactive hydrocarbons 
presence in the bitumen matrix or the supply of oxygen is finished. In this process, 
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viscosity of the bitumen increases with the increasing product concentration in 
bitumen matrix. 
 

 
Fig. 2. Schematic of diffusion controlled oxidation process 
 
 

A typical viscosity profile during the pavement service life is shown in Fig. 3. 
As can be seen that the viscosity initially increases rapidly (zone R) and after a 
certain time the initial rate decreases to a certain constant-rate (zone-C). Based on 
this observation, the overall reaction rate can be approximated as the sum of two 
concurrent first order diffusion controlled reaction groups such as: fast and slow, 
which can be expressed as (Herrington, 2012): 
 

 
 
Fig. 3. Change of bitumen viscosity with ageing 
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where, B is the concentration of reactive bitumen species (mol/m3), C is the oxygen 
concentration (mol/m3), P is the oxidation product (mol/m3) and k is the rate 
reaction (m3/mol/sec). Suffix f and s represents fast and slow, respectively.  
 

Assuming, at a given time for the slow reaction 0s s sB B P∞=  and for the fast 

reaction f f fB P P∞= − , where suffix 0 and ∞ represents quantities at time t=0 and at 

the completion of the reaction, respectively. The overall product equation [Eq. (1)] 
can then be written as: 
 

(P )f f f s s
P k P C k P C
t ∞ ∞

∂
= − +

∂
     (2) 

where, (1 )fk C t
f fP P e−

∞= −  
 

Assuming the formed oxidation products are stationary in the bitumen 
matrix and the diffusion coefficient (D) is variable then the diffusion is governed 
by the equation (Crank, 1975): 
 

( )C PD C
t t

∂ ∂
= ∇ ⋅ ∇ −

∂ ∂
     (3) 

 
Once the product is known then the change of viscosity (V) and diffusion 

coefficient (D) due to the product concentration in the bitumen matrix was 
expressed by the following equation: 
 

( )223.758
0log log 0.104 1 2.138P

tV V e P−= + − +    (4) 
0.054 223.758log log( ) 13.320e 0.035eP PD RT −= − +    (5) 

 
where 0V  is the initial viscosity of bitumen (Pa s), R  is the ideal gas constant (8.314 

JK-1mol-1) and T is the temperature (K). Here the obtained viscosity resembles to 
the viscosity measured at a shear rate of 0.005Hz.  
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2.3 Mixture morphology framework 
 
The asphalt morphology framework is currently assuming that all particles are 
spherical and uniformly distributed within the total mixture volume. Depending 
on the aggregate packing arrangements and their function in the load carrying 
capacity, this framework identifies four different aggregate size groups: oversized 
structure (OS), primary structure (PS), secondary structure (SS) and filler particles. 
The latter, together with bitumen form a composite, called mastic, which coats the 
secondary structure. The mixture of mastic and secondary structure then flow 
around the primary structure, coating it with a certain thickness called ‘PS coating 
thickness’, as shown in Fig. 4. 
 

 
 
Fig.4. Illustration of the coating thickness of primary structure definition 
 

The PS is a range of interactive particles which form a network that provides 
the load bearing structure for the mixture (i.e., the aggregate skeleton). The smaller 
mineral particles that are not counted in the PS are called SS and directly influence 
the stability of the PS. An inadequate percentage of SS may fail to provide the 
stability and too high percentage of the SS may result in disruption of PS particles. 
This concept was earlier discussed by Guarin et al. (2012). Particles larger than the 
PS ‘float’ in the mixture and are not interconnected to the PS, thus do not 
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contribute to its load-carrying capacity, though fill up space in the mixture. Table 1 
gives an overview of the different aggregate size groups. A detail mathematical 
description behind the determination of these four different aggregate size groups 
can be found in another study by Lira et al. (2012). 
 
Table 1.  Identification of different groups based on aggregate gradation 
 

 
 
Once the percentages the above mentioned four aggregate size groups in the 

total volume of the asphalt mixture is known, then along with other volumetric 
properties, the porosity of the PS can be defined by the following equation. 
  

( )

( ) ( )

SS eff abs SS eff
a b b v

ps PS SS eff abs PS abs SS eff
a a b b b v

V V V V
V V V V V V

η + + +
=

+ + + + +
   (6) 

 
where, PS

aV  and SS
aV  are the volume of aggregate belonging to the PS and SS, 

respectively; eff
bV and eff

vV  are the effective volume of bitumen and voids in the 

mixture; ( )abs PS
bV  and ( )abs SS

bV  are the volume of bitumen absorbed by the PS and SS, 

respectively. The mathematical expressions of these volumetric parameters are 
given as bellows: 
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   (10) 

 
where, /PS SSP  is the percentage of PS or SS; mixV  is the total volume of the mixture; 

mmG  is maximum specific gravity; bG  is specific gravity of bitumen; bP  is bitumen 

content;  baP  is percent of absorbed bitumen; avP  is percent of air void; VFA  is void 

filled with bitumen; / /PS SS totalSA  is the surface area belonging to each substructure. 
 

Once the porosity of PS is known then the PS coating thickness ( pt ) can be 

obtained using the weighted average diameter (dp) of the PS particles (Das et al., 
2013a), as shown in Eq. (11). 
 

1.282
0.95( )p

ps

t
dp

η=      (11) 

 
It can be seen from the above equations that the PS coating thickness is a 

function of aggregate gradation and mixture volumetric properties. Hence, the PS 
coating thickness can be used as a unique parameter to represent any specific 
mixture’s morphology information. 
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Chapter 3 
 
 
 
 
3 Review of Literature 
 
In this Thesis, different methods have been utilized as tools to investigate the 
ageing susceptibility in bitumen and asphalt mixture. Atomic force microscopy 
(AFM) has been employed to understand the fundamental mechanisms that cause 
the microstructure appearance and evolution due to ageing which may responsible 
for the physical properties of bitumen (Lesueur et al., 1996; Loeber et al., 1998). 
Asphalt mixtures are currently designed based on a combination of material 
selection and volumetric design. Thus, to investigate the propensity for ageing in 
asphalt pavements, one needs to focus on both bitumen and mixture 
morphological properties. In addition, diffusion-reaction process has been studied 
for developing a clear understanding of diffusion controlled oxidative ageing 
mechanism and its effect on mixture morphology. A review of literature on these 
methods has been summarized in this chapter.  
 
 
3.1 The use of atomic force microscopy 
 
In an effort to understand and characterize bitumen microstructure, optical 
microscopy techniques, and specially polarized light microscopy has been used in 
the asphalt field (Lu et al., 2005). These investigations reported the presence of wax 
induced microstructures in bitumen. However, because of the opacity and 
adhesive properties of bitumen, researchers have also used scanning probe 
microscopy such as the atomic force microscopy (AFM) to investigate the nano-
behaviour of bitumen. AFM is capable of measuring almost any type of surfaces at 
atomic and molecular resolutions as compared to the resolution limit of optical 
microscopy of about 200nm. This has clearly opened the window for further 
investigations of the micromechanical behaviour of bitumen microstructures. 
 

In the 1980s, the scanning tunnelling microscope was developed by Gerd 
Binnig and Heinrich Rohrer (Binnig et al., 1982). This invention, which led to the 
Nobel Prize in Physics in 1986, was a precursor to the Atomic Force Microscope, 
which was developed by Binnig et al. (1986). Classical AFM Imaging is obtained 
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either in contact mode, where the tip is in contact with the sample at constant load 
while the surface is moving in the x-y direction or in tapping mode where the 
cantilever oscillating at its resonance frequency is gently tapped on the surface 
which is moving in the z-direction (height) to reach contact and then in the x-y 
directions when the tip is lifted away from contact. Topography data is obtained 
from both techniques, but contact mode also gives frictional data and tapping 
mode gives phase data which reflects the damping of the oscillation as the tip and 
the surface are in contact. The “phase” image can be seen as a material property 
map reflecting the elasticity of the sample. Classically, Force Measurements have 
been an AFM technique apart from imaging where only one interaction spot is 
chosen to obtain detailed force-distance curves for the specific interaction between 
the sample surface and either a tip or colloidal probe, mounted at the end of a 
cantilever. 
 

In the asphalt research domain, Loeber et al. (1996, 1998) were the first 
research group who reported on a comprehensive study of bitumen surface using 
AFM as a tool. In their investigation they observed ripple microstructures with 
several micrometers in diameter and tens of nanometers in height (bee-shaped 
microstructures), which were attributed to the asphaltenes. To investigate the 
asphaltene aggregation, Pauli et al. (2001) were doping their bitumen samples with 
extra asphaltenes and reported seeing an increase in the density of bee-shaped 
microstructures on the bitumen surface. In 2004, Jäger and his co-workers 
investigated five different types of bitumen and, in agreement with Loeber and 
Pauli, they also concluded that asphaltenes might be involved in the observed 
structuring in their bitumen samples (Jäger  et al., 2004). 

 
A few years later, Masson et al. (2006) carried out an extensive AFM study on 

12 different types of Strategic Highway Research Program (SHRP) bitumen to 
further investigate the structuring. They reported on finding four phases, which 
they named catanaphase (bee-shaped), periphase (around catanaphase), 
paraphrase (solvent regions) and salphase (high phase contrast spots). 
Interestingly, they found very poor correlation between the asphaltene 
aggregations and the bee-shaped structures that was discussed in the previous 
investigations. They concluded, however, that the mass percent of Vanadium and 
Nickel metals did correlate well with the observed structuring. Continuing their 
study to investigate bitumen stiffness at low temperatures, cryogenic AFM 
(Masson et al., 2007) was employed in intermittent-contact mode at temperatures -
10°C, -20°C and -50°C and one of the key finding was that bitumen with multiple 
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phases at room temperature are never entirely rigid, even when well below the 
glass transition temperature. 
 

To also investigate the structuring phenomenon, de Moraes et al. (2010) and 
Schmets et al. (2010) studied the microstructure behavior as a function of 
temperature and mentioned the possibility that the bee-shaped structuring may be 
related to paraffin wax crystallization. Subsequently, Pauli et al. (2011) have 
scanned different fractions of bitumen and found bee-shaped structures even in the 
‘pure’ maltene phase which contained no asphaltenes, while the de-waxed 
bitumen fractions did not show any microstructures. In agreement with Moraes 
and Schmets, they have hypothesized that the interaction between crystallizing 
paraffin waxes and the remaining asphalt fractions is responsible for much of the 
structuring. It was also concluded though that the measured wax fractions did not 
correlate well with the observed percentages of bees. Which made them refer to the 
bitumen behaviour as ‘wax-induced phase-separation’ and Kringos et al. (2009a, b) 
developed a computational model based on the Cahn-Hilliard equations that was 
able to approach the observed micro-structures rather well. 
 

Even though different research groups concluded significantly different 
reasons for the structures to appear and disappear, the extensive AFM studies have 
proved that bitumen has the tendency to phase separate under certain kinetic 
conditions and is highly dependent on the temperature history. Depending on the 
mode of operation, AFM can be used to investigate surface topography, phase 
separation and also, mechanical properties such as adhesion and stiffness. 
 
 
3.2 Asphalt mixture morphology 
 
Various components that describe the mixture morphology have been investigated 
over the years. At the beginning of twentieth century, Fuller and Thompson (1907) 
took an attempt on adjusting the aggregate gradation to improve the quality of the 
concrete mixtures by having a densest possible packed concrete. They concluded 
that aggregate should be graded in sizes where an excessive amount of fine and 
middle sizes are very harmful to strength and also they developed an ideal shape 
of the gradation curve. However, Wig et al. (1916) shown that the Fuller curve has 
some limitations and thus may not always give the maximum strength and neither 
the maximum density. Following the Fuller and Thompson’s concept, Talbot and 
Ricchart (1923) evaluated the size distribution to obtain the maximum density of 
concrete mixture by assuming all particles are spherical. This work has been 
incorporated in asphalt field by Nijboer (1948) where he started investigating the 
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effect of particle size taking shape also into account. Later on, Goode and Lufsey 
(1962) showed the validation of Nijboer’s findings and described the numerical 
procedure for drawing the semi-power gradation chart, which is commonly 
referred as the ‘0.45 power’ chart (Meininger, 1992). 
 

In the early 1980’s R. D. Baily developed a method of gradation analysis that 
takes into account the packing characteristics of individual aggregates which can 
be used to control workability, segregation and compatibility of asphalt mixture 
(Vavrik et al., 2001). The Asphalt Institute has introduced control points and 
restriction zones for gradation curves to control the air void content and provide 
better durability (Asphalt Institute, 2001). Birgisson and Ruth (2001) came with 
tentative guidelines for the selection of aggregate gradation for asphalt mixtures 
and have given very good rutting resistance under heavy traffic conditions. Later 
on, Roque et al. (2006) developed a conceptual and theoretical approach based on 
gradation to identify the load carrying interactive particle size which was referred 
to as the dominant aggregate size range (DASR). The porosity of DASR was used 
as a criterion to distinguish between good and bad mixtures and evaluated using 
an extensive range of materials from existing database. After this, Guarin et al. 
(2012) performed a study to enhance the understanding of how asphalt mixture 
performance gets affected by changes in gradation and volumetric properties 
based on the DASR model and established a parameter named ‘disruption factor’ 
which was found to correlate well with the rutting and cracking performance of 
asphalt mixtures. 
 

Based on the understanding from the DASR principle, a new asphalt mixture 
morphology framework was developed at KTH Royal Institute of Technology in 
Sweden that allows for a continuous quantification of the morphological 
parameters in a fundamentally correct way. The system has recently been applied 
to both unbound granular materials (Yideti et al., 2013a,b) and asphalt mixtures 
(Lira et al., 2012) to demonstrate its ability to satisfactory distinguish between good 
and bad performance when related to permanent deformation and moisture 
damage. The framework quantifies all the morphological parameters that are 
related to the mixtures. Starting from the aggregate packing arrangements and the 
aggregate gradations, a number of parameters can be determined that control the 
ability for the mixture to transfer stresses. Since, in the case of asphalt mixture, 
smaller filler particles and bitumen fill part of the pore-space, these also have a 
distinct influence on the connectivity of the aggregates and the mixture 
performance. The coating around the aggregates is therefore also expressed in 
certain morphological parameters that also influence several mixture properties 



Review of Literature  ‖ 19 
 

 
 

(e.g. the ability of water to flow through the mixture for moisture to reach the 
aggregates). 

 
 

3.3 Diffusion-reaction process 
 
The diffusion-reaction process and its effect on bitumen viscoelastic properties has 
always been a research subject over the years. In the early 1950’s, Van Oort (1956) 
took the initial attempt to investigate oxygen absorption through a thin bitumen 
film in the absence of light. Dickinson (1984) developed a finite difference method 
for unsteady state of diffusion and rate reaction with which he was mathematically 
able to predict change of viscosity in a bitumen film. In 1990, a simplified diffusion 
model was developed by Tuffour and Ishai (1990) and validated with viscosity 
data obtained from a thin film oven test of bitumen at 135°C. Later, a 
unidirectional implicit-forward difference method was utilized by Dickinson 
(2000) and validated with viscosity of bitumen obtained from chip seal surfacing 
for periods up to 14 years. Numerical modeling of the diffusion-reaction process of 
oxygen in a bitumen film was further investigated by Herrington and Henderson 
(2004) and Herrington (2012). The predicted average viscosity was then validated 
with bitumen aged at 50°C for 126 days and the reported accuracy was around 
20%. In the Western Research Institute (WRI), Glaser et al. (2013) have investigated 
the oxidation kinetics of 12 different types of unmodified bitumen from different 
sources and reported that a simple dual mechanism (Petersen, 2007) model can be 
used successfully to describe the oxidation process. 
 

Recently, the oxygen diffusivity in bitumen and mastics has been investigated 
using laboratory oxidation of bitumen films of known reaction kinetics by Han et 
al. (2013). For unmodified bitumen, oxygen diffusivities was observed to be in the 
10-10 to 10-11 m2/s range and the diffusivity of mastic decreased as the filler volume 
fraction increased. It can be noticed that the above mentioned research efforts were 
mainly focused on unidirectional diffusion of continuous oxygen flow through a 
bitumen film. These investigations resulted in documented insight into the 
fundamental understanding of the diffusion-reaction process in bitumen. 
However, the boundary conditions used in those were rather far away from the 
actual conditions present in asphalt mixtures such as: a combination of 
interconnected and trapped air-voids, presence of aggregates and filler particles 
and ageing gradients through an asphalt layer. For this reason, an approach is 
needed in which the effects of diffusion on asphalt mixtures can be investigated by 
considering the important 3D mixture morphology characteristics.  
 



20  ‖  Review of Literature 
 

 

3.4 Long term field ageing prediction 
 
Ageing occurs during mix production, lay-down operation and compaction is 
known as short-term ageing and in-situ ageing over the time during pavement’s 
service life is called long-term ageing. Since the short-term ageing is only subjected 
to heating and oxidation, it is rather practical to simulate in the lab, which 
correlates well with the field results. In practice, this is frequently done in 
accordance with RTFOT method (EN 12607-1) or AASHTO R30 method. The main 
challenge comes in simulating long-term ageing because it is an extremely complex 
phenomenon which is a slow ageing process and occurs at ambient temperature 
during a long period. To simulate long-term field aging in laboratory, different 
types of test methods are currently available (Airey, 2003).  
 

Pressure ageing vessel (PAV) is the commonly used methods for simulating 
long-term ageing of bitumen. In this method bitumen get exposed to relatively 
high temperature (90-110°C) and pressure (2.1MPa), which is irrespective of 
environmental conditions and mix morphology. Another method of asphalt mix 
ageing is AASHTO R30, which recommends 5 days at 85°C to simulate ageing for a 
period of 5 to 7 years. These accelerated ageing tests, by assuming time-
temperature superposition principle, are generally conducted at artificially severe 
conditions, for example at temperatures higher than pavement service temperature 
and at pressures higher than ambient pressure. It has been found that aging of 
bitumen at a higher temperature and pressure is fundamentally different from 
aging at a lower temperature and pressure (Branthaver et al., 1993; Houston et al., 
2005; Lu et al., 2008). Moreover, these accelerated ageing tests do not provide a 
continuous relationship of the mix hardening as a function of time, which can be 
useful in predictive performance based model.  
 

Due to the above mention reasons, there has been several research studies 
conducted in developing long-term ageing predictive model (Coons and Wright, 
1968; Lee, 1973; Mirza and Witczak, 1995, Chen and Huang, 2000). Among these 
studies, the Global Ageing System (GAS) model developed by Mirza and Witczak 
(1995) is well known in asphalt pavement society and used in the Mechanical 
Empirical Pavement Design Guide (MEPDG, 2002).  The GAS model was 
established based upon a large field and laboratory data sets containing of more 
than two thousand mix information. This model predicts aged-viscosity of bitumen 
in pavements by considering mean annual air temperature (MAAT), initial 
bitumen viscosity, pavement depth and percentage of air-void content. However, 
potential shortcomings of this model in predicting aged viscosity were reported in 
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the literature (Al-Azri et al., 2006; Christensen and Bonaquist 2006; Farrar et al., 
2006). Farrar et al. (2006) were conducted a study on four years old asphalt 
pavement in Arizona. The GAS model was used as a tool to predict aged viscosity 
of the used bitumen. It was reported that the GAS model significantly under-
predicts change in mix stiffness with time and depth. In a similar study, Al- Azri et 
al. (2006) were calculated aged viscosity of pavement layers at 6.25mm and 
12.5mm below surface using the GAS model. It was observed that the level of 
hardening reached in pavement binders significantly exceeds estimated values 
obtained from the GAS model, both at pavement surface and at a depth of 125mm 
below surface. From these conducted studies, one may conclude that the GAS 
model certainly has some limitations. 
 

One of the key parameter might still missing in the GAS model is the 
influence of mixture morphology, which is a combined effect of aggregate packing, 
porosity, air-void distribution and their interconnectivity. If the material properties 
are held constant and the influence of different bitumen sources is thus not an 
issue, at constant air-void content, it can be argued that oxidative ageing can be 
largely explained by the access of air into the mixture. Based on this basic 
understanding, in a previous study by Das et al. (2013a) has showed that mixtures 
with same percentage of air-void can have different morphologies and thus can 
age differently. It was also observed that prediction of ageing behavior without 
considering the influence of mixture morphology may lead to erroneous 
conclusions and non-optimal mix design. The findings from the above mentioned 
study clearly indicate the drawback of considering only the air-void percentage in 
predictive ageing model without considering the mixture morphology, as it was 
done in GAS model. 
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Chapter 4 
 
 
 
 
4 Materials, Methods and Experimental Plan 
 
In this chapter, the bitumen used for micro-scale investigation and the asphalt 
mixtures used for morphological investigation has been introduced. Also, the 
methods and experimental scheme to carry out these investigations are briefly 
described below. 
 
 
4.1 Bitumen 
 
Five different types of bitumen used in this Thesis and denoted as B1, B2, B3, B4 
and B5, where bitumen B1, B2, B4 and B5 are unmodified bitumen and B3 is 
prepared by adding 3% of sasobit wax by weight with bitumen B1. In this thesis, 
bitumen B1, B2, B3 and B4 have been used to study the phase separation in 
bitumen and bitumen B1, B2 and B5 have been used to investigate surface ageing 
of bitumen.  
 

The crude oil sources are different for each of the bitumen. B1 and B4 are 
straight run bitumen from Venezuela and Kuwait export crude, respectively, 
whereas the source of bitumen B2 and B5 are unknown. The penetration, softening 
point, dynamic viscosity, kinetic viscosity and fraass breaking point were 
measured in accordance with the European standards EN 1426, EN 1427, EN 
12596, EN 12595 and EN 12593, respectively and shown in Table 2. The addition of 
sasobit wax in bitumen B1 decreased penetration and viscosity whereas softening 
point increased, which indicates the stiffening effect of Bitumen B3. 
 

From Table 2 can be seen that bitumen B1 contains almost no waxes and 
bitumen B2, B4 and B5 contain natural wax. Depending on the method, the 
measured wax content in bitumen can be quite variable. It is therefore important to 
note which method was used, when reporting the wax content. In this study the 
DSC method has been utilized to investigate the microcrystalline fractions in 
bitumen. 
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Table 2. Characterization of bitumen used in this study 
 

Bitumen 
ID Pen  Soft. 

Point  

Dyn. 
Viscosity
@60°C  

Kin. 
Viscosity
@135°C  

Fraass 
breaking 
point, °C 

Wax 
content 

DSC 
wax  

TLC-
FID 
wax  

  EN1426 EN1427 EN12596 EN12595 EN12593 EN12606 a* b* 
  (dmm) (°C) (Pa s) (mm2/s) (°C) (%) (%) (%) 
B1 91 46.2 168 342 -15 0.3 0 0 
B2 86 46.4 96 181 -16 1.7 6.2 1.9 
B3 50 78 n.d 257 -14 n.d. 5.4 n.d. 
B4 82 45.8 163 399 -15 1 6.2 1.9 
B5 72 50.8 94 124 -7 n.d. 5.4 n.d. 
n.d. - not determined 
a* - ASTM D 3418-12 
b*- Lu & Redelius (2006) 

 
 
4.2 Asphalt mixture  
 
In this Thesis, ten different sources of field compacted and laboratory produced 
asphalt mixtures have been used from different literature references. These sources 
where selected based on their extensively documented gradation and volumetric 
properties. Since the mixtures in these sources were produced at different time, the 
mix design procedures and test methods do differ somewhat from each other. In 
the following a short summary is given of the used mixtures: 
 

Source-1: This data set is based on 12 types of laboratory compacted mixtures 
with varying gradation, varying bitumen content but constant air void content, 
which were produced to investigate the moisture damage in hot-mix asphalt 
mixtures (Birgisson et al., 2005). 

 
Source-2: This data set is based on 5 laboratory compacted mixtures with 

varying gradation, varying bitumen content but constant air void content, which 
were produced to evaluate the effect of void in mineral aggregate (VMA) and other 
volumetric properties influencing durability (Nukunya et al., 2001; Ruth et al., 
2002). 
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Source-3: Based on 26 different asphalt mixtures with different gradations, 
this data set was prepared to investigate the influence of aggregate gradation and 
packing characteristics on VMA (Vavrik et al., 2001). 

 
Source-4: Using 8 different test sections (35-39, 54-56) from the WesTrack test 

facility in Nevada (USA), this data set was created to develop performance-related 
specifications for hot-mix asphalt pavement construction (FHWA, 1998). 

 
Source-5: This data set was based on 9 different sections from the Pavement 

Test Track constructed by National Center for Asphalt Technology (NCAT), which 
were paved for research purpose specially focused on the performance prediction 
of pavements in the field (Powell, 2001). 

 
Source-6: This data set was based on 6 different laboratory compacted asphalt 

mixtures with a constant gradation, constant air void content but varying bitumen 
content, which were compacted to investigate the effect of bitumen film thickness 
on short and long term ageing (Kandhal and Chakraborty, 1996). 

 
Source-7: Based on 4 different cores (17, 18, 20 and 22), this data set is taken 

from the MnROAD test sections or ‘cells’, which was constructed at the beginning 
of 1990 by the Minnesota Department of Transportation to study different 
pavement designs, constructions and mixture durability (Pellinen, 2001). 

 
Source-8: This data set is based on six field sections from three locations in 

southwest Florida, USA (Jajliardo, 2003; Roque et al., 2010). These sections were 
chosen in pairs of good and poor performance with similar structure, loading and 
age, but with different mix design. A number of cores had been extracted from 
these sections to measure the volumetric properties and evaluate the performance. 
These samples were then placed in an bitumen extraction device to separate the 
binder from the aggregate. Viscosity tests were performed on the extracted 
bitumen at 60°C using the Brookfield Thermosel Apparatus in accordance with 
ASTM D 4402-87 specification. 

 
Source-9: This data set contains ten different field sections and the age of these 

sections ranged from 9 years to 14 years. In order to find the volumetric properties 
and aged viscosity of the bitumen three cores from each section were selected. 
Once aggregates were separated from the binder, sieve analysis was performed to 
find out the gradation. Also viscosity of the extracted bitumen was measured at 
60°C. This data set was prepared to investigate loading effects on surface cracking 
of asphalt pavements (Garcia, 2002). 
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Source-10: A comprehensive data base with regard to design, construction and 
field performance of twelve Superpave project field sections has been documented 
in Superpave monitoring project report by Roque et al., 2011. The viscosity of the 
extracted bitumen was measured at both 25°C and 60°C. The current study is 
mainly focused on asphalt pavement constructed with unmodified bitumen. Thus 
only five among these twelve sections were selected which were constructed using 
unmodified bitumen. 

 
The detailed gradation and volumetric properties of source 1-10 can be found 

in Appendix. The above described seven sources (1-7) have been used to find a 
new correlation between porosity and coating thickness around the aggregates. 
Since only in three sources (Source-2, 6 and 7) the researchers studied the 
durability performance under varying ageing conditions, the effect of aggregate 
packing on ageing of asphalt mixtures has been investigated based on these three 
sources only. Furthermore, mixtures in source 8-10 have been used as input 
parameters in the morphology framework. The effect of mixture morphology on 
asphalt mixture ageing behavior has been analyzed based on the above mentioned 
data base. 
 
 
4.3 Differential scanning calorimetry analyses 
 
One of the well accepted methods to determine the presence of wax in bitumen 
using the energy change is differential scanning calorimetry (DSC). To investigate 
the heat flow characteristics of bitumen and correlate it to the AFM work, the DSC 
analyses were conducted. The crystallization or melting of waxes in bitumen 
causes an energy change. Both heating and cooling cycle can be used to investigate 
the presence of wax fraction in bitumen. The exothermic and endothermic effect 
during the cooling and heating scan generally represents the wax crystallization 
and wax melting, respectively. The tests were performed using a METTLER 
instrument (model METTLER TOLEDO DSC 1) equipped with a refrigerated 
cooling system.  
 

Approximately 15 mg of bitumen was poured into the DSC sample pans, 
which were sealed with lids with a small hole to prevent pressure build up and 
possible deformation of the cups during the tests. The sample pan was then placed 
horizontally on a hot plate at 80°C for 5 to 10 minutes to let the bitumen touch the 
pan bottom and also level out the surface. Afterwards, the sample pan was placed 
in DSC furnace and cooled to -80°C (Paper I) or -70°C (Paper II) and kept at this 
temperature for 5 minutes. Data was recorded during heating from -80°C to +90°C 
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(Paper I) or -70°C to +110°C (Paper II) and cooling from +90°C to -80°C (Paper I) or 
+110°C to -70°C (Paper II), where the heating and cooling rate was 10°C/min. 
During the test and sample preparation the bitumen melted completely due to the 
heating, which makes it reasonable to assume that the hypothesized surface aged 
thin layer mixed with the lower layers, resulting in a homogenized bulk 
measurement. Thus in the cooling cycle, any changes in crystalline fractions due to 
the conditioning can be observed in the exothermic events. 
 
 
4.4 Atomic force microscopy analyses 
 
The AFM force mapping was performed on a Bruker Multimode 8 AFM in 
PeakForce QNM (Quantitative Nanomechanical property Mapping) mode with a 
Nanoscope V controller and the software Nanoscope 8.15. The resulting force 
curves were evaluated using Nanoscope Analysis 1.30. The used cantilever model 
was ScanAsyst Air (Bruker) with a nominal spring constant of 0.4 N/m and a 
nominal tip radius of 2 nm. Force mapping was performed as follows; the sample 
was oscillated in the z-direction at 2 kHz at the same time as the sample was 
moved in the x-y direction at a rate of 0.5 kHz. In each contact between the 
cantilever and the substrate, a force curve was obtained and evaluated on-line 
according to Fig. 5. During the calculation, the poison ratio was assumed as 0.5. For 
this study topography, elastic modulus and adhesive force values were evaluated 
over 20x20 μm scans at 38% ambient humidity and 20°C temperature. 
 
 

 
 
Fig. 5. The force curve evaluation procedure 
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Depending on the type, source, time-temperature history of bitumen, 
microstructures may be observed (cf. Fig. 6a) on the bitumen surface from the AFM 
scans (Das et al., 2013b; Soenen et al., 2013). To quantify these microstructures the 
open source Gwyddion 2.3 software was utilized. For this, at first the AFM 
topography image was analyzed using a Laplacian of Gaussian edge detection 
technique (Marr and Hildreth, 1980) as shown in Fig. 6b. Once the microstructures 
were marked then the marked grains were extracted (cf. Fig. 6c) and thereafter, 
used for pixel area quantification to calculate the percentage of microstructure 
present in the frame. For each specimen, AFM scans were conducted at three 
different locations and the average percentage from these was used as 
representative average of the percentage of microstructure present at that 
specimen surface. 
 

 
 
Fig. 6. Quantification of microstructures 
 

Specimen preparation: Given the fact that surface ageing is the main objective of 
this study, sample preparation has to be given consideration to avoid any bias. 
Using material from the top of a can is not recommended as more aging occurs at 
the surface. Therefore the bitumen was first mixed properly by stirring at 120°C to 
avoid such biases. For AFM scanning, approximately 30mg of hot liquid bitumen 
was carefully placed on a rectangular aluminum plate (10mm × 10mm × 1mm) and 
kept for 5 minutes on a hot plate at the same temperature to allow the bitumen to 
spread out and create a smooth surface. In the preparation process, the specimens 
were left horizontally and covered to prevent dust pick-up. During the preparation 
specimens surfaces were exposed to the air. Since all specimens went through the 
same preparation process, it was assumed that oxidation during specimen 
preparation can be ignored or is at least constant amongst all samples. 
 
 
 



Materials, Methods and Experimental Plan  ‖ 29 
 

 
 

4.5 Experimental scheme 
 
Microstructures may appear in some of the bitumen under certain conditions 
under the AFM. It is of great importance to understand the fundamental 
mechanisms that drive the bitumen behavior and that cause the microstructure 
appearance we see under the AFM. To do so in Paper I and II, bitumen was 
investigated using AFM in contact mode that both topography and relative surface 
stiffness can be obtained simultaneously. The imaging was done by 10°C 
temperature sweeping from 30°C to 60°C for each types of bitumen, where the 
heating rate was 1°C/min and rest period was 10min before starting scanning at 
each temperature. Then the same procedure was repeated by a cooling cycle from 
60°C to 30°C. The same bitumen types were then also investigated using DSC, to 
investigate how the thermodynamic behavior would correlate to the observed 
behavior under the temperature controlled AFM. 
 

Furthermore in Paper II, AFM was utilized to provide information of changes 
of the microstructures and the micromechanical properties at the surface due to 
oxidation and/or ultra violet (UV) radiation. Right after the specimen preparation, 
specimens were exposed to the following four different levels of conditions: both 
UV and air, only UV but no air, only air but no UV and neither UV nor air, for 15 
and 30 days, in a temperature (20°C) controlled environment. One specimen from 
each type of bitumen was kept unconditioned to give a reference measure. 
 

Oxidative ageing conditioning: Since argon is one of the noble gas and heavier 
than the ambient air, it was used to create an oxygen free (no air) environment. To 
create oxygen free environments, specimens were placed in glass containers in 
which argon gas was introduced via an inlet.  In this process, argon gas was 
allowed to spread in the container until the air was pushed out completely leaving 
for an airtight environment.  
 

UV conditioning: The UV spectrum that reaches the earth mainly contains UV-
A type radiation since the other ranges of the spectrum almost entirely get 
absorbed by the ozone layer and the atmosphere. In this study, commercial UV 
light has been used to resemble the UV-A radiation. For the non-UV conditioning, 
specimens were placed inside containers, carefully wrapped in multiple layers of 
aluminum foil and kept in a dark place. 
 

 
 



30  ‖  Materials, Methods and Experimental Plan 
 

 

After 24 hours, the unconditioned bitumen specimens were scanned with the 
AFM to investigate the topography feature and micromechanical properties. The 
15 and 30 days conditioned specimens were investigated by using AFM and the 
percentage of observed microstructures at the surface compared to investigate the 
ageing propensity. Thereafter, the 30 days conditioned specimens were 
investigated further, utilizing DSC and compared to study any change of the 
crystalline fractions due to the conditioning. The schematic of the experimental 
plan is shown in Fig. 7. 
 
 

 
 
Fig. 7. Experimental scheme 
 

If bitumen is exposed to air or sunlight, the combination of oxidation and UV 
radiation may create a thin film of less soluble (in n-alkane medium) hydrocarbon 
molecules upon the exposed surface. Since these ageing products are mainly polar 
compound, the thin film might be soluble in water. Based on this understanding, 
the water solubility of the thin film caused by the surface ageing has been 
investigated furthermore in Paper IV. The air and UV exposed (30 days) bitumen 
B5 specimen surfaces were carefully washed with distilled water for five minutes 
so that any presence of water soluble particles can get washed away. After that the 
surface washed specimens were kept 24 hours at 20°C so that the surfaces get dry 
before scanning by AFM. The bitumen surface was scanned before and after 
ageing, and after washing with distilled water so that one may observe the changes 
in microstructure at the surface during these steps. 
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Chapter 5 
 
 
 
 
5 Finite Element Analysis of Oxidative Ageing 
 
A finite element (FE) analysis has been conducted to investigate the influence of 
diffusion controlled oxidative ageing on different mixture morphologies. Two field 
asphalt mixture cores were selected to investigate different mixture morphologies. 
These cores were scanned to acquire the complete 3D morphology information to 
be transferred to the mesh geometry in FE analyses. Then, the abovementioned 
implemented diffusion model was applied using these realistic mixture 
geometries. More details on the geometry, the mesh construction and the FE 
analyses are given in the following. 
 
 
5.1 Geometry and mesh construction 
 
In this Thesis, diffusion controlled oxidative ageing of one dense graded and one 
open graded field asphalt concrete core have been investigated. The KTH X5000 
CT X-ray scanner is used to obtain the detailed microscopic structure of the cores 
sample for further visualization, characterization and analysis. The asphalt 
concrete core samples with a diameter of 100mm and a height of 80mm as shown 
in Fig. 8 are scanned. The sample is scanned at an energy intensity of 225kV 
without beam filtration. The scanning resolution is 1949 × 1799 with a slice 
thickness of 59microns and a total of 1932 slices. The x-ray scanning process 
includes sample preparation, warming-up the scanner, pre-scan settings, scanning, 
detector calibration and CT calibration. Detail information of the scanning process 
and digital image processing can be found in Onifade et al. (2013). 
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Fig. 8. Optical images of (a) dense and (b) open graded asphalt core 
 

Due to computational power limitation, from each samples a representative 
subsample of 30mm×30mm×30mm was taken for numerical simulation. These 
segmented images of both asphalt concretes were imported in the Simpleware 
software for surface generation and mesh construction. The surface generated from 
the acquired image with a resolution of 59microns. Even if high resolution images 
are useful for visualization, too fine FE meshes can increase dramatically the time 
simulations. For computational reasons, an optimized resolution of 400microns 
was found to be suitable for this study. Then, the FE mesh was generated using the 
FE+ grid utility of Simpleware. Furthermore, this utility was used to define the 
interface and contact between different phases during the mesh generation. These 
information can be useful for further study of the aggregate-mastic and mastic-air 
void interactions in the asphalt matrix. 
 

The subsamples contain three different phases such as aggregate, mastic and 
air-void, and the corresponding volumetric analyses of them are shown in Figs. 9 
and 10. It can be seen that the dense graded sample contains 11432mm3 of 
aggregate, 9727mm3 of mastic and 1890mm3 of air-void. The corresponding volume 
percentages of these three phases are 49.6%, 42.2% and 8.2%, respectively. In case 
of open graded asphalt concrete, the total volume of aggregate, mastics and air-
void is 15520mm3, 5416mm3 and 4296mm3, respectively; and the corresponding 
volume percentage are 61.5%, 21.5% and 17.0%, respectively. These volumetric 
fractions give an overall idea on mixture morphology. These scanned samples can 
be furthermore investigated for different morphology parameters such as: exposed 
mastic surface area, air void distribution and percentage of interconnected air-void 
along the depth. 
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Fig. 9. Volumetric fractions of different phases in dense graded asphalt 
 
 

 
Fig. 10. Volumetric fractions of different phases in open graded asphalt 
 

In asphalt concrete some of the air-voids are interconnected and the rests are 
trapped voids which are surrounded by mastics. This air void distribution mainly 
depends on the aggregate gradation, level of compaction and volumetric 
properties of the mixture. The air-void distribution and their interconnectivity 
were analyzed along depth of the samples, as shown in Figs. 11 and 12.  The dense 
graded asphalt sample (cf.  Fig. 11) shows maximum air-void present in the 
middle, as can be also seen in Fig. 9. A gap between the total air-void and 
interconnected air void can be observed that indicates the presence of trapped air-
voids in the matrix which is 12% by volume of the total air-void. In case of open 
graded asphalt concrete sample (Fig. 12)), there is almost no difference between 
total air-void and interconnected air-void distribution which means all the air 
voids in this AC matrix are mostly interconnected. These air voids may act as a 
channel to pass the ambient air in the AC matrix and thus more mastic get exposed 
to the air which may cause this AC more susceptible to oxidative ageing. 
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Fig. 11. Air void distribution along depth of dense graded asphalt sample 
 
 
 
 

 
 
Fig. 12. Air void distribution along depth of open graded asphalt sample 
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5.2 FE analyses 
 
To investigate the effect of the above described mixture morphologies on its in-
time ageing propensity, the oxidative ageing model was implemented in COMSOL 
Multiphysics. The boundary conditions were as defined as follows: the top surfaces 
were exposed to continuous air supply while the other surfaces were considered to 
be impermeable to air. In this way, the interconnected air-voids have a continuous 
flow of air from the top. Initially, the isolated air-voids were assumed to be fully 
saturated with air. In the analyses, it is oxygen concentration which is diffusing 
through the sample. So, a fully saturated air-void starts with an initial oxygen 
concentration of 0.81 mol/m3, which is the normal oxygen concentration in air. 
With the time the diffusion controlled oxidation govern in accordance with the 
theory presented in Fig. 2. Since the purpose of the simulation was to investigate 
the influence of the mixture morphology, the mastic properties were kept constant. 
For this, the analyses were only performed for the input parameters from Table 3 
were chosen. The simulations have been carried out for a period of 5 years.  
 
Table 3. Input parameters for FE analyses 
 

Parameter   
T 323.15 K 
log V0 2.562 Pa s 

kf 3.828 × 10-6 m3/mol/s 

Pf∞ 77.340 mol/m3 

ksPs∞ 2.072 × 10-5 1/s 
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Chapter 6 
 
 
 
 
6 Results and Discussions 
 
 
6.1 Micromechanical investigation of phase separation in bitumen 

(Paper I) 
 
It is of great importance to understand the fundamental mechanisms that drive the 
bitumen behavior and that cause the microstructure appearance we see under the 
AFM. Knowledge at that level can have great implications for behavior at a larger 
scale and will help to optimize the bitumen in its production stage. Performing 
fundamental research at the lower scales, up scaling techniques in multi-scale 
models can be used for understanding the physicochemical changes due to aging 
or healing. 
 
 
6.1.1 Investigation of crystallization and melting effects by DSC 
 
The obtained results from the DSC measurements of the investigated bitumen are 
depicted in Fig. 13. The interpretation of the DSC curves is rather complicated 
since there are several overlapping phenomena to consider. During the heating 
scan, bitumen B2, B3 and B4 show endothermic effect over a wide range of 
temperature which indicates melting of crystallizing fractions, while no 
endothermic effect was observed in B1. On the other hand, in the cooling scans, 
bitumen B2 and B3 show a clear exothermic peak while B4 shows a broad 
exothermic effect, implying crystallization process. Likewise, bitumen B1 does not 
show any exothermic affect during the cooling scan. The discussion above implies 
that all the bitumen have a crystallizing fraction except bitumen B1. One of the 
bitumen that showed a noticeable DSC behaviour is bitumen B3 as it is the sasobit 
wax modified bitumen with the base bitumen is B1. A clear change can be easily 
observed in heat flow diagram for bitumen B3, which implies the presence of 
sasobit wax. To further illustrate the relation between melting and crystallization 
effects and the micro-structural observations, recording of thermal flow from DSC 
experiments will be combined with the corresponding results from AFM 
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investigation. Detail information on DSC curves for each types of bitumen has 
been demonstrated in Soenen et al., 2013. 

 

 
Fig. 13. DSC characterization of four different bitumen 
 
 
6.1.2 Topography of bitumen surface 
 
Fig. 14 shows the topographic images during the heating and cooling cycle of 
bitumen B1. It can be seen that there is no microstructures on the surface at any 
temperatures (cf. Fig. 14.a, b, c) in the heating cycle and the average height was 
recorded at a maximum of 18nm. This indicates this bitumen B1 has a super flat 
surface.  Importantly, according to DSC test result, this is a non-waxy bitumen as 
there is no endothermic or exothermic effect observed which can represent 
crystallizing fractions. However, some fine dispersion (black spots in Fig. 14.a) can 
be clearly observed at temperature 30°C, which is identical with the finding 
reported by Masson et al. (2006). With the increasing temperature these dispersed 
domains become finer and at 60°C, those almost start disappearing (cf. Fig. 14.c). 
This could indicate that the material is flowing and filling up the small holes. 
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Fig. 14. Topographic image of bitumen B1 (20μm x 20μm) 
 

Bitumen B1 was then cooled from 60°C to 30°C and the corresponding 
topographic images are depicted in Fig. 14(d-f). In these images, increasing white 
nanostructures can be observed with the lowering temperature, which may be due 
to crystallization effects of some molecules that are too few to show any visible 
endothermic or exothermic effect in DSC test. Consequently, the finely dispersed 
domains increase slightly with the decreasing temperature and the maximum 
effect can be seen at the lowest temperature 30°C. The topographic height of these 
crystallized nanostructures and the black spots in the images are recorded 
maximum of 4nm and 6nm, respectively. 

 
Fig. 15 depicts the topographical image of bitumen B3 obtained during the 

heating and cooling process. Relatively long bee-shape microstructures can be 
observed at all temperatures from 30°C to 60°C which are similar in all the images 
(cf. Fig. 15.a, b, c, d). B3 is the sasobit wax modified bitumen, which has the non-
waxy base bitumen B1. In DSC test, the curve (cf. Fig. 13) obtained in heating cycle 
shows a starting endothermic effect at 72°C indicating the additive wax starts 
melting at this temperature and according to the product data sheet, the melting 
point of sasobit is 100°C. As the AFM scan temperatures are below the melting 
point thus no melting phenomenon of the bee-shape microstructures can be 
detected. Furthermore, the exothermic peak at 66°C can be observed in the DSC 
test result, reflecting the presence of wax additive while comparing it with bitumen 
B1, which was its base binder. Thus, in the cooling process, relatively similar 
microstructures can be observed as during the heating cycle. 

(a)  (b)  (c)  

(d)  (e)  (f)  

 30°C  40°C  60°C 

 50°C  40°C  30°C 
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Fig. 15. Topographic image of bitumen B3 (20μm x 20μm) 
 
 

 

Fig. 16. Topographic image of bitumen B4 (20μm x 20μm) 
 

Bitumen B4 has a completely different crude source from the other three 
bitumen types used in this study. Indeed, the observed topography images for B4 
is also rather different compared to the rest, shown in Fig. 16. In this case, the bee-
shaped microstructures are smaller but more in quantity and surrounded by 
similar phase but without the warping effect. With an increase, in temperature the 
microstructures start disappearing and at 60°C more or less all of the bee-shaped 
microstructures vanished while the other phase still can be observed. It can be seen 

(a)  (b)  (c)  

(d)  (e)  (f)  

(a)  (b)   (c)  

(d)  (e)  (f)  

30°C 40°C 60°C 

50°C 40°C 30°C 

30°C 40°C 50°C 

60°C 40°C 30°C 
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from the DSC test results (cf. Fig. 13) that bitumen B4 has a broad endothermic 
effect which starts at 36.6°C and continues to 84°C. Moreover, during the cooling 
cycle again a wide exothermic effect can be observed instead of a peak, starting 
from 35°C and ending at 4.5°C. This DSC observation implies that the melting 
temperature for the same crystallize fractions is over 60°C, hence at this 
temperature phase separation can still be observed (cf. Fig. 16.d). A graphical 
illustration of the above mentioned observation during the heating cycle is shown 
in Fig. 17. 

 

 
 

Fig. 17. Investigation of phase separation behavior of bitumen B4 
 

After AFM scanning at 60°C, the specimen went through a cooling process 
followed by scanning at 40°C and 30°C. One can observe that with the lowering 
temperature the bee-shape microstructure start re-appearing and concurrently the 
other phases start building up a network as it was at the beginning. This structure 
re-appearing and networking can be explained by the wide exothermic effect 
observed during DSC, as mentioned above. However, at 30°C all the 
microstructures have not re-appeared completely as compared with before.  One of 
the reasons behind this may be the crystallization temperature, which is 
approximately 18°C. Hence it can be expected that around 20°C all the 
microstructure may re-appear as they were before. 
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6.1.3 Local stiffness at bitumen surface 
 
Generally, if a material has different fractions of chemical substances then it may 
be expected to have different local stiffnesses. Given the fact that the previous 
analyses confirmed that the structures are consisting for a large part of wax 
fractions that melt and crystalize and various temperatures, these stiffness will also 
be temperature and history dependent. As the topography images show the 
evidence of phase separation, it would be of great interest to investigate the local 
stiffness of the bitumen surface. This would also give the connection between the 
observed phase behaviour and observed mechanical properties, as discussed 
earlier.  
 
Table 4. Maximum and minimum reduced modulus (E*) at different temperatures 
 

Heating Cycle 
Temp. 30°C 40°C 50°C 60°C 
 E*(MPa) Min. Max. Min. Max. Min. Max. Min. Max. 
Bit-B1 120 162 80 105 36 51 29 40 
Bit-B2 39 105 31 47 11 25 7 9 
Bit-B3 30 88 27 57 25 38 21 31 
Bit-B4 67 187 60 204 56 100 35 63 

         
 

Cooling Cycle 
 

 
Temp. 50°C 40°C 30°C 

 
 

 E*(MPa) Min. Max. Min. Max. Min. Max. 
 

 
Bit-B1 46 65 68 93 46 113 

 
 

Bit-B2 16 19 22 40 22 31 
 

 
Bit-B3 x x 31 50 50 72 

 
 

Bit-B4 56 96 83 132 152 200 
  

In this study, the relative stiffness or reduced modulus (E*) for the bitumen 
surface at micro level is calculated using the DMT model. The reduced modulus 
mappings were conducted at different temperatures on a heating cycle and a 
cooling cycle i.e., at temperatures 30°C→40°C→50°C→60°C→50°C→40°C→30°C. 
The mappings were done at these temperatures for all the bitumen, however for 
bitumen B3, the measurement at 50°C in the cooling cycle was noisy enough to get 
the data. The maximum and minimum values of the modulus were recorded and 
are shown in Table 4. It can be seen that the difference between the highest and 
lowest modulus is relatively small for bitumen B1, which did not show any bee-
shaped micro-structures in topographical image. One of the noticeable facts is at 
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temperatures closer to the endothermic effect observed in DSC test the modulus is 
less. In case of bitumen B2 the modulus dramatically change when it heated up 
from 30°C to 40°C, interestingly the observed endothermic peak was at 49°C (cf. 
Fig 18). Though bitumen B2 and B3 has almost same melting point, B3 has a wider 
endothermic effect from 3.16°C to 83.5°C, thus at 60°C the modulus is still higher 
than bitumen B2. For bitumen B4 the modulus decrease along with the 
temperature however at 60°C the modulus is still relatively high which may be due 
to the endothermic peak is at around 100°C (cf. Fig 18). 

 
 

    
 

 
 
 
Fig. 18. Correlation of reduced modulus for (a) B2 and (b) B4 bitumen with (c) 

DSC heating scan 
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6.1.4 Summary of findings 
 
From the experiments it became clear that the change of the micro-structures in the 
bitumen surfaces, observed under the AFM due to a temperature increase, 
correlated directly with the DSC test results: the appearance of micro-structures is 
always in the crystallization temperature range of that specific bitumen and the 
dissolution of these micro-structures is directly related with the melting 
temperature range. Since AFM scanning was conducted in contact mode, the 
reduced modulus was also measured simultaneously with the topographic image. 
This modulus reflects the relative stiffness of the bitumen surface. Irrespective to 
the bitumen source and type, furthermore it was found that the modulus values 
were directly correlated with the endothermic and exothermic events. Thus based 
on the above analyses of results, it could be concluded that the behavior and 
appearance of the microstructure is very much related to the wax behavior. 
Therefore, this research confirms that the so called ‘‘Bee’’ structures are indeed 
wax induced.  
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6.2 Surface ageing of bitumen:  micro-scale investigation          
(Paper II and IV)  

 
 
6.2.1 Thin film surface ageing 
 
If bitumen is exposed to air or sunlight, the combination of oxidation and UV 
radiation may create a thin film of less soluble (in n-alkane medium) hydrocarbon 
molecules upon the exposed surface. This thin film may act as a semipermeable 
barrier which creates difficulty for the wax induced microstructures to float up at 
the surface. Since the film may become thicker or denser with time and increasing 
degree of exposure, thus the percentage of microstructure seen at the surface 
should decrease as shown in Fig. 19. 
 

 
 
Fig. 19. Hypothesis on microstructures evolution due to thin film surface ageing 
 

The micromechanical properties (such as relative stiffness or adhesion) at the 
surface should change due to surface ageing, which in its turn, should result in an 
increase of stiffness and reduce tackiness. AFM has been utilized to provide 
information of changes of the microstructures and the micromechanical properties 
at the surface due to oxidation and/or UV radiation. A comparison between aged 
and unaged specimen utilizing the DSC is carried out to detect any changes in 
behavior and percentage of crystalline fractions in the bulk. 
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6.2.2 Surface topography 
 
Fig. 20 shows the typical topography images with their computed percentages of 
microstructure of the three unconditioned bitumen specimens. Typical bee 
structures can be seen for bitumen B2 and B5 since these two bitumen contain 
natural wax (cf. Table 1). Bitumen B1 shows 0.5% of nanostructures with maximum 
height of 10 nm, which indicates a super flat surface. This topography information 
of the unconditioned specimens can be used as a benchmark, to detect any change 
due to the systematic conditioning.  
 

 
 
Fig. 20. Topography images (20μm × 20μm) of unconditioned bitumen: (a) B1, (b) 

B2 and (c) B5 
 

The AFM topography images of the bitumen B1 under four different levels of 
exposures are shown in Fig. 21. In this figure, the top row images were aged over 
15 days and images in the bottom row over 30 days. Since bitumen B1 is non-waxy 
bitumen, no bee-shaped microstructures are present on the Fig. 21(a-h). However, 
0.3% of nanostructures with maximum heights of 5 nm can be observed in figure c-
d, which may be due to crystallization effects of some molecules that are too few to 
show any visible endothermic or exothermic effect in DSC analysis (Das et al., 
2013b). Notably, the same specimens after 30 days of conditioning did not show 
the presence of any nanostructures. In Fig. 21(a-b) and (e-f), the black spots 
representing micro-holes on the surface. Interestingly, only those specimens that 
were exposed to UV showed such micro-holes, leading to the conclusion that those 
micro-holes are most likely caused by UV radiation. 
 

Fig. 22 shows the topography images of bitumen B2, which was 
systematically conditioned to four different levels over 15 and 30 days.  To 
investigate the microstructure evolution due to increased exposure intensity, all 
the exposed specimens were compared with the reference specimens (unexposed 
one). In the case of bitumen B2 (cf. Fig. 22), after 15 and 30 days, oxidation only 
caused a reduction of microstructures by 21% and 38%, respectively.  The UV 
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radiation caused a reduction of 100%, and the combined effect (both UV and air) 
caused a reduction of 79% and 86%, respectively. Comparing the images between 
15 and 30 days of exposure (i.e., (a) vs. (e), (b) vs. (f) and (c) vs. (g)), it can be 
observed that the percentage of microstructure also decreases. In case of unaged 
specimens i.e., (d) vs. (h), however, the percentage of microstructure increases with 
time. Similar observation was found for bitumen B5. 
 

 
 
Fig. 21. Topography images of bitumen B1 with four different levels of exposures 

after 15 and 30 days. 
 

From this analysis, it was observed that the visible microstructures at the 
surface decrease with an increasing degree of exposure and time. In the case of 
unexposed specimens, with time the percentage of microstructure at the surface 
increases. This confirms the posed hypothesis that the thin film at the specimen 
surface caused due to ageing may create a barrier, which restricts the 
microstructures to float towards the surface and if there is no such barrier at the 
surface, the percentage of microstructure increases with time.    
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Fig. 22. Topography images of bitumen B2 with four different levels of exposures 

after 15 and 30 days. 
 

 
 
Fig. 23. AFM comparative topography images of bitumen B5 (20μm × 20μm)  
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For bitumen B5, the topographical images of unaged, aged by air and UV 
exposure and aged bitumen after washing its surface are shown in Fig. 23. Since 
this bitumen contains natural wax, 2.4% wax induced bee-shaped microstructure 
can be found in unaged and unconditioned bitumen surface, Fig. 23(a). It can be 
seen that for virgin specimens, with the time the percentage of microstructure 
increases from 2.4% to 4.3% after 15 days and 6.2% after 30 days. The percentage of 
microstructure decreases to 1.0% after 15days of exposure and 0.8% after 30 days of 
exposure. Interestingly, after washing the surface of the 30 days exposed bitumen, 
the observed microstructure increases again from 0.8% to 2.1%. 
 

The analyses of the obtained results indicate that if the surface remains 
unaged then the visible microstructures at the surface increases with time. On the 
contrary, the percentage of microstructure decreases with surface ageing and 
increasing time. Moreover, after removing (washed away) the aged surface, one 
can again observe the presence of microstructures at the surface. Since in this 
process the temperature was kept constant at 20°C thus there is no bias in the 
result from temperature fluctuation point of view. 
 

This whole observation may lead to the understanding that the thin film at 
the specimen surface caused due to ageing may create a barrier, which restricts the 
microstructures to float towards the surface and if there is no such barrier at the 
surface, the percentage of microstructure increases with time. Also, by washed 
away of that thin film containing polarized hydrocarbon, the microstructures 
become visible again. These findings may indicate that depending on the bitumen 
and exposure type, water soluble thin films may cause due to ageing. If that is true 
then this indicates the moisture damage becomes more severe with the ageing of 
the pavement. Since the above understanding is based on only one type of bitumen 
thus further work needs to be conducted using bitumen from different sources. 
 
 
6.2.3 Micromechanical properties 
 
Using the AFM-QNM force mapping data, the changes in the elastic modulus due 
to different types of exposure or ageing history have been investigated, shown in 
Fig. 24. The corresponding measured modulus for bitumen B1, B2 and B5 is shown 
in the figure a, b and c, respectively. It can be seen that the modulus of 
microstructures is always higher than the matrix at the measured temperature. The 
consequences of the matrix modulus due to the exposures effect on ageing 
compared with unaged bitumen have been summarized in Table 5. Compared 
with the unaged specimen, for bitumen B1, the modulus of matrix increases by 1.3 
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times due to oxidation only, 5.7 times due to UV radiation only and 25.9 times due 
to the combined effect (both UV and air). Similarly, the modulus of the matrix of 
bitumen B2 increases 1.7 times for oxidation only, 3.2 times for UV radiation only 
and 13.7 times for the combined effect. For bitumen B5, these values were 1.2, 2.6 
and 7.3 times, respectively.  
 

 
 
Fig. 24. Measured modulus for bitumen (a) B1, (b) B2 and (c) B5 at different level 

of exposure 
 
 
Table 5. Analysis of the elastic modulus due to different exposures 
 

  Elastic modulus (MPa) at exposure of Normalizing with respect to 
unaged bitumen (d) 

Bitumen Air 
(a) 

UV 
(b) 

Combined 
(c) 

w/o 
exposure (d) 

Air 
(a/d) 

UV 
(b/d) 

Combined 
(c/d) 

B1 90 400 1810 70 1.3 5.7 25.9 
B2 160 304 1300 95 1.7 3.2 13.7 
B5 104 234 660 90 1.2 2.6 7.3 

 
From the Fig. 24 and Table 5, one may observe that regardless the bitumen 

type the modulus increases with the level of exposure and the highest value is 
always found after the combined exposure. This implies that the specimen surfaces 
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get stiffer with ageing, which is fully expected behavior. More interestingly 
though, it should be noted that the specimens exposed to air always showed a 
lower modulus increase than the UV exposed one, which indicates that UV 
radiation hardens the bitumen surface more than oxidation. This is a very 
important observation, especially given that currently used standardized 
laboratory ageing tests ignore the effect of UV radiation entirely. Another 
interesting observation is to note that the combined effect is not simply a 
summation or multiplication of the individual effects. 
 
 

 
 
Fig. 25. Measured adhesive force for bitumen (a) B1, (b) B2 and (c) B5 at different 

level of exposure 
 
 
Table 6. Analysis of the adhesive force due to different exposures 
 

  Adhesive force (nN) at exposure of Normalizing with respect to 
unaged bitumen (d) 

Bitumen Air 
(a) 

UV 
(b) 

Combined 
(c) 

w/o 
exposure (d) 

Air 
(a/d) 

UV 
(b/d) 

Combined 
(c/d) 

B1 13.50 5.60 8.70 15.10 0.89 0.37 0.58 
B2 13.00 4.50 6.70 15.50 0.84 0.29 0.43 
B5 12.70 7.00 3.10 16.30 0.78 0.43 0.19 
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For the three types of bitumen, the evolution of adhesive force or tackiness 
due to different types of exposure or ageing history are also investigated as 
depicted in Fig. 25. The corresponding measured adhesive force for bitumen B1, B2 
and B5 is shown in the figure a, b and c, respectively. The consequences of the 
matrix modulus due to the exposures effect on ageing compared with unaged 
bitumen have been summarized in Table 6. It can be observed for bitumen B1, 
oxidation only reduces the adhesive force of the matrix by 11%, UV radiation only 
caused a reduction of 63%, and the combined effect caused a reduction of 42%.  For 
bitumen B2, oxidation only reduces the adhesive force of the matrix by 16%, 71% 
due to UV radiation only, and 57% due to the combined effect. In case of bitumen 
B5, these values were 22%, 57% and 81%, respectively. This analysis shows that, 
with the ageing, the adhesion of the bitumen specimens reduced. This finding 
supports the traditional ageing concept that the tackiness reduces with ageing of 
bitumen which may cause adhesive failure of the bond between bitumen and 
aggregates. In agreement with the previous result (cf. Fig. 24), irrespective to 
bitumen type, the adhesive force of the microstructures is found to be lower than 
the matrix. Again, one may observe that the combined effect on adhesive force is 
not simply a summation or multiplication of the individual effects, as found in case 
of elastic modulus.  
 

Based on the obtained data (cf. Table 5 and Table 6), in the following a 
discussion is given on how the total ageing effect could be based on the individual 
effects. Assuming that the unaged bitumen generic property E0 is affected by a 
total ageing factor ( , , , )f UV air T tχ = , which is a function of the individual ageing 
processes as described in this paper, temperature and exposure time. It should be 
possible to define a unique function for χ based on its materials properties, for 
example: 
 

0E Eχ χ=        (12) 
 
where, Eχ is the generic property of aged bitumen and ( , , , )air UVf T tα βχ χ χ= . 

Assuming, for purpose of demonstration, a simplified function as: 
 

air UV
α βχ χ χ= +      (13) 

 
in which α and β should be dependent on the material properties, time and 
temperature; and should be highly related to the fundamental mechanism which 
controls the ageing process. Based on a regression analyses, a best fit could be 
found for the tested bitumen. Nevertheless given the fact that this would not relate 
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to the nature of the bitumen, nor contribute to functions that can be extrapolated, 
here merely the comment is made that more research is needed to allow for the 
determination of such functions. But that this would be the way forward in adding 
fundamental knowledge and meaningful characterization of the ageing propensity 
of bitumen into asphalt mix design.  
 
 
6.2.4 Heat flow characteristics 
 
From the aforementioned AFM topography and force mapping analysis, it has 
been observed that there is a certainly change on the bitumen surface, caused by 
the different ageing history. To investigate any change in crystalline fractions due 
to this thin film surface ageing, DSC analysis has been conducted. As described 
earlier, DSC is a thermo-analytic method that can determine physical changes in 
bitumen associated with heat exchange.  If there are any crystalline molecules 
present in the bitumen, during the heating scan these molecules need more heat to 
melt. Once the bitumen absorbs extra heat and becomes cooler than the furnace, 
causes the flow curve point down which is known as endothermic event. The 
reverse logic applies to exothermic events where energy is released. 
 

 
 
Fig. 26. Heat flow analysis of different levels of exposure for bitumen B2 
 

The heat flow characteristics of all the specimens with 30 days of exposures 
have been investigated. As expected from the material physical properties (cf. 
Table 1), both endothermic and exothermic effects were observed for bitumen B2 
and B5 specimens whereas, bitumen B1 did not show any enthalpy changes. The 
correspondent zones to the endothermic and exothermic event for bitumen B2 are 
zoomed into in Fig. 26(a-b). In the figure, the areas under the wide endothermic 
peaks represent the enthalpy absorbed due to melting of wax. One may observe 
that all the four curves in Fig. 26(a) have almost the same starting-ending points, 
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and can be superimposed into one curve. This indicates that there is no change in 
enthalpy due to the different exposures, which means the percentage of wax in the 
bitumen remained constant after 30 days of exposure. 
 

Since the percentage of wax remains constant, then the total area under the 
exothermic peaks in Fig. 26(b) should also have a constant value. It can be 
observed, however, that during the cooling the shape and the starting-ending point 
of the exothermic peak somehow differ from each other. The starting point of 
exothermic event represents the starting of crystallization process. It can be 
observed that the crystallization starts earlier for aged (i.e., only UV, only air and 
both exposed) specimens than the unaged one. In the crystallization process, any 
presence of impurities may act as a promoter which may accelerate the process. 
The less soluble hydrocarbons produced from the chemical reaction due to the 
exposures, may introduced such impurities in the bitumen matrix so that the 
crystallization process starts earlier than the without exposed one. Identical 
phenomenon was also observed in case of bitumen B5 specimens. Since bitumen 
B1 specimens did not show any exothermic and endothermic effect, no such 
phenomenon can be observed. 
 
 
6.2.5 Microstructure evolution due to ageing 
 
From the aforementioned results and discussions it should be noted that with 
ageing the percentage of bee-shaped microstructures reduce on the surface, yet the 
total amount of wax in the specimens remains constant. From previous AFM 
studies (Huang and Pauli, 2008; Wu et al., 2009; Zhang et al., 2012) on PAV aged 
bitumen, however, an increase of bee-shaped microstructure compared with 
unaged bitumen was reported. This has lead some researchers to conclude that 
ageing increases the amount of bees in bitumen, which was in line with the earlier 
belief that the crystalline fraction increases as bitumen ages. 
 

The hydrocarbons in bitumen react with atmospheric oxygen, where the 
reaction type and rate depends on the surrounding temperature and pressure. 
Thus, the type of chemical reactions may vary with the change of pressure and 
temperature. In the accelerated ageing simulations, especially the PAV test, 
bitumen gets exposed to extremely high pressure and elevated temperatures for a 
short time. There is the possibility that the product after the accelerated aging test 
may differ significantly from the slow but long ageing process with different 
temperature and pressure history (field ageing). Thus, ‘ageing’ from a PAV test is 
indeed a completely different process from ageing in the field. 
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6.2.6 Summary of findings 
 
The mechanism of bitumen surface ageing has been investigated and validated 
utilizing the atomic force microscopy (AFM) and the differential scanning 
calorimetry (DSC). To validate the surface ageing, three different types of bitumen 
with different natural wax content were conditioned in four different modes: both 
UV and air, only UV, only air and without any exposure, for 15 and 30 days. From 
the AFM investigation after 15 and 30 days of conditioning period, it was found 
that regardless the bitumen type, the percentage of microstructure on the surface 
reduced with the degree of exposure and time. Furthermore, the microstructural 
investigation showed strong indications that, depending on the bitumen and its 
conditioning, water soluble thin films are formed due to ageing. This means that 
ageing and moisture damage are strongly interlinked and this should thus be 
considered in the design of the materials and the prediction of its long term 
performance. 

 
Comparing all the four different exposures, it was observed that UV radiation 

caused more surface ageing than the oxidation. It was also found that the 
combined effect was not simply a summation or multiplication of the individual 
effects. The DSC investigation showed that the amount of crystalline fractions in 
bitumen remain constant even after the systematic conditioning. Interestingly, 
during the cooling cycle, crystallization of wax molecules started earlier for the 
exposed specimens than the without exposed one. The analyses of the obtained 
results indicated that the ageing created a thin film upon the exposed surface, 
which acts as a barrier and creates difficulty for the wax induced microstructures 
to float up at the surface. From the DSC analyses, it can be concluded that the 
ageing product induced impurities in the bitumen matrix, which acts as a 
promoter in the crystallization process.  
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6.3 Investigation of mixture morphology on its ageing 
susceptibility (Paper III) 

 
It is important to understand the interplay between the mix design parameters, 
coating around the aggregate, the average air void size in the mixture, the porosity 
and relate this to the susceptibility of the mixture to suffer from ageing 
phenomena. Assuming that the material properties are held constant and the 
influence of different bitumen sources is thus not an issue, at a constant air-void 
content, it can be argued that oxidative ageing can be largely explained by the 
access of air into the mixture. Thus, it can be hypothesized that if, in an asphalt 
mixture with a given constant air void content, the average air void size is small, 
these small voids will be large in quantity and get interconnected, meaning more 
surface area for the air to come in contact with and become more prone to ageing. 
On the other hand, mixtures with bigger average air void size will be few in 
quantity, meaning less surface area will be exposed to air and thus become less 
prone to ageing. 
 

To obtain mixtures with a constant air void content, three different mix 
design parameters can be varied: the aggregate gradation, the bitumen content and 
the level of compaction. To investigate the effect of these design parameters on the 
ageing performance three cases can be defined (cf. Table 7): case-1, where all 
mixtures have a different gradation and bitumen content but the same level of 
compaction; case-2, where all mixtures have the same aggregate gradation but 
different bitumen content and different levels of compaction and case-3, which has 
a different gradation and levels of compaction but the same bitumen content. The 
material database used in this study has mixtures that allow for the case-1 and case-
2 comparisons. 
 
Table 7. Different ways to obtain a mixture with constant air void content  
 

  
% of Air 
Void 

Aggregate 
gradation 

Bitumen 
content 

Compaction 
level 

case-1 constant varying varying constant 
case-2 constant constant varying varying 
case-3 constant varying constant varying 

 
The main objective of this part of the research is to utilize the asphalt 

morphology framework to investigate the effect of the morphological parameters 
on ageing susceptibility of asphalt mixture. To do so, ageing propensity of 
laboratory produced mixtures (case-1 and case-2) and field compacted asphalt 
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mixtures were investigated in more detail, where the aggregate gradation, bitumen 
content and compaction level varied from each other. 

 
 

6.3.1 Establishing a continuous relation between PS porosity and PS 
coating thickness 

 
To investigate if a relation between primary structure (PS) porosity and PS coating 
thickness can be determined, the datasets of 70 asphalt mixtures described in 
Chapter 4 was utilized to calculate the porosity of PS and the coating thickness 
index, as shown in Fig. 27. In this, a higher porosity of primary structure reflects 
more available empty spaces that can be filled with secondary structure and 
mastics by forming thicker coating thickness. Thus, as would be expected, from the 
figure can be seen that for all mixtures the coating thickness increases with the 
increasing porosity of primary structure since more space becomes available. The 
continuous relationship between the porosity of the PS and the PS coating 
thickness index can then be expressed by an empirical power law by fitting this 
data, Eq. (14). Hence, this continuous relationship gives an important improvement 
to ideal packing arrangements that are bound by individual curves that force for 
interpolation to be able to calculate the PS coating thickness for non-ideal packing 
arrangements.  
 

1.280.95( )ct psI η=       (14) 
 

 
 
Fig. 27. Relation between PS coating thickness index and porosity of primary 

structure 
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6.3.2 Influence of mixture morphology on ageing 
 
For case-1, to determine the relationship between the PS coating thickness and the 
average air void size, the material database from the study by Birgisson et al. 
(2005) was used, where the authors studied six granite and six limestone mixtures 
with constant air void content, but varying aggregate gradation and varying 
bitumen content In their study, the average air void diameter of these mixtures 
was quantified using nondestructive Digital X-ray Computerized Tomography 
imaging. Two dimensional images which is most commonly known as ‘slices’ of 
1mm thickness was obtained and then stacked together with an overlap of 0.2mm 
in between slices. Each slice reveals the interior of the object on a plane, thus 
stacking together gives a three dimensional object. Specimens with diameter of 
150mm were scanned with a resolution of 0.195 mm/pixel and images are 
captured in a grey scale (256 levels of intensity). 
 
 

 
 

Fig. 28. Relation between average void diameter and PS coating thickness 
 

In Fig. 28, the PS coating thickness is calculated utilizing Eq. (14) and plotted 
against the average air void diameter. From the figure it can be seen that, for both 
the granite and limestone mixtures, the average air void diameter decreases with 
an increased coating thickness in a continuous manner. Thus, at a given constant 
air void content of the mixtures (in this case 4%), mixtures with a high PS coating 
thickness will result in smaller, but more in number, air voids, meaning more 
surface area for the air to come in contact with and become more prone to ageing. 
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For the ageing susceptibility analysis of case-1, the five mixtures from Source-
2 were utilized and denoted as C1 through C5, and where all mixtures had a 
different gradation and bitumen content but the same level of compaction. The 
mixtures were produced according to the Superpave mix design method with 7 
(±0.5) % air voids (SHRP-A-407). All loose mixtures were first aged with short term 
oven ageing (STOA) for 2 hours at 135°C and half of the specimens produced were 
then subjected to long term oven ageing (LTOA) for 120 hours at 85°C, both 
followed the AASHTO PP2-94 procedure. Physically the STOA procedure is 
intended to resemble the ageing that happens when the mixture is heated initially, 
to create enough workability for compaction of the mixture in the field. The LTOA 
is then intended to represent the long-term ageing that would happen over time 
during the pavement’s service life. The Superpave indirect tension test (IDT) was 
then used to measure at 10°C the resilient modulus according to the ASTM D4123, 
static creep and tensile strength according to the AASHTO TP9 specification. After 
LTOA, viscosity was measures at 60°C on the recovered bitumen from the lab aged 
mixtures. 
 

The PS coating thickness has been calculated utilizing Eq. (14). for the 
mixtures and plotted against the resilient modulus, creep rate after 100 seconds, 
fracture energy, creep compliance and bitumen viscosity after LTOA age 
hardening, Fig. 29. It can be seen that the effect of age hardening increases with an 
increasing PS coating thickness, where resilient modulus and bitumen viscosity 
increases whereas creep rate, creep compliance and fracture energy decreases due 
to stiffening effect. Though this result seems counterintuitive, using the hypothesis 
as stated earlier, it can be explained since with an increasing coating thickness (and 
a given air void content) air void sizes get smaller but more in quantity. As a result 
with the thicker coating thickness, the mixture get more expose to air and become 
more prone to oxidative ageing. 
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Fig. 29. Effect of coating thickness on (a) resilient modulus, (b) creep rate @ 

100sec, (c) fracture energy, (d) creep compliance and (e) viscosity @ 60°C 
due to age hardening 

 
One may observe in the graphs (a-e) after crossing the optimum coating 

thickness, for mix C5, that the effect of age hardening decreases with a further 
increasing PS coating thickness. This phenomenon can be explained with the 
percent of oversized, primary and secondary structure present in the total volume 
of these mixtures. As can be seen in Fig. 30, mixture C5 contains 43% OS while the 
PS and SS is only 22% and 17%, respectively. In comparison with the other 
mixtures, C5 has a thicker coating thickness (cf. Fig. 29) because the high 
percentage of oversized structure and lower percentage of primary structure 
resulting high porosity of PS (c.f. Eq. 6). Since mixture C5 has a relatively high 
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porosity but the same air void content compared with the other mixtures, it 
contains bigger sizes of air voids but fewer in number and for this reason, less 
mixture can get exposed to air. Thus, in spite of a having thick coating thickness 
mixture C5 shows relatively good resistance in ageing. 
 

 
 
Fig. 30. Effect of coating thickness on fracture energy due to ageing 

 
For Case-2, in which the aggregate gradation was kept constant but the 

bitumen content and compaction level varied, the relation between PS coating 
thickness and average air void size depends upon the bitumen content and 
compaction level. To obtain a fixed target air void content, a mix with higher 
bitumen content would require less compaction and thus results in a thicker PS 
coating thickness. If the compaction level is less, then the average air void size will 
be bigger but fewer in quantity and thus the bigger air voids start losing 
interconnectivity among them. As a result, less surface area will get expose to air 
and reduce ageing propensity. 
 

For the ageing susceptibility analysis of case-2, Source-6 was utilized. In this 
dataset, a total of six different mixtures were compacted at different levels to 
obtain a target air void content 8 ± 0.5 % by following the Superpave mix design 
method. The loose asphalt mixtures were subjected to STOA (SHRP#1025) for 4 
hours at 135°C and then, after compaction, the mixtures were aged by a long term 
oven ageing procedure (SHRP#1030) for 120 hours at 85°C. The only difference 
between SHRP and AASHTO laboratory accelerated aging method is the heating 
time on STOA, in case of SHRP it is 4 hours while in AASHTO it is 2 hours. After 
LTOA, viscosity was measures at 60°C on the recovered bitumen from the lab aged 
mixtures. Resilient modulus and tensile strength tests were conducted at 25°C on 
the compacted specimens. 
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The PS coating thickness was calculated for the mixtures and plotted with 
respect to the resilient modulus, tensile strength and viscosity of the recovered 
bitumen, Fig. 31. It can be seen in graphs (a-c), as expected, that with the increasing 
PS coating thickness the age hardening decreases. This seems logical according to 
the posed hypothesis since, for these mixtures an increasing PS coating thickness 
results in an average air void size increase and, thus, into a loss of air-void 
interconnectivity. Thus, the air cannot flow and gets trapped in the mixture. That’s 
why, with the increasing coating thickness the air void interconnectivity start 
decreasing and results in decreasing aging propensity (at a given aggregate 
gradation and air-void percentage). 
 
 

 
 
Fig. 31. Effect of coating thickness on (a) resilient modulus, (b) tensile strength 

and (c) viscosity due to age hardening 
 
 
For the investigation of field ageing performance, Source-7 was utilized. This 
dataset investigated field ageing performance of asphalt mixtures by taking cores 
out of test sections or ‘cells’. The advantage of this is that the physical ageing 
phenomena can be expected to be closer to reality than the temperature accelerated 
ageing LTOA procedures used in the above comparisons. In this dataset, all the 
mixtures had almost the same gradation and bitumen content, while air void 
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content and degree of compaction differed. The specimens were fabricated to 
duplicate the measured in-situ material compositions at each test site. Two 
different bitumen were used; bitumen AC-20 was used for cell-17 and cell-18, 
whereas, a 120/150 pen. bitumen was used for cell-20 and cell-22. The mix design 
for these cells (17, 18, 20 and 22) was done using the Marshall method (White, 
1985) where the number of blows was 75, 50, 35 and 75, respectively and the target 
air void was 7.7, 5.6, 6.3 and 6.5%, respectively. After five years of service life, cores 
taken from each pavement section were taken and measured for their dynamic 
modulus, at a temperature of 21°C and a frequency of 1Hz.  
 
 

 
 
Fig. 32. Effect of coating thickness on (a) dynamic modulus and (b) phase angle 

due to field ageing 
 
 

Using the mix design information, the PS coating thickness was calculated 
and plotted against the measured dynamic modulus and phase angles, Fig. 32. A 
higher modulus or a lower phase angle value reflects the stiffening effect of the 
mixture. It can be seen from the graphs (a-b) that in the five years, the mixtures in 
cell-17 aged more than cell-18. From the posed hypothesis this can be explained 
since cell-17 mix is subjected to a higher degree of compaction and contains higher 
air void content than cell-18. This higher air void content and higher degree of 
compaction would have resulted in smaller size but more in quantity and 
interconnected air voids. Thus, more surface areas of the cell-17 mix got exposure 
to air and thus more prone to ageing. A similar reasoning can be used for the 
mixtures in cell-22 that aged more than cell-20. 
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6.3.3 Summary of findings 
 
To have a continuous correlation between the primary structure (PS) coating 
thickness and porosity, a new empirical relationship has been established based on 
different field and laboratory mixture volumetric properties and gradation. PS is 
the interactive range of aggregate sizes which play a key role in the mechanical 
response of an asphalt mixture and the coating thickness around the PS is the layer 
formed by smaller aggregates than primary structure, fines and bitumen mix. The 
simplicity of this new relation opens a window to calculate coating thickness 
directly from the available mix design parameters.  
 

Utilizing this empirical relation, asphalt mixtures from different sources have 
been studied to investigate the effect of degree of mix compaction, bitumen 
content, average air void size, porosity and aggregate gradation on ageing. It has 
been observed that there is a direct correlation between PS coating thickness and 
age hardening of asphalt mixture, which is fully dependent on the mixture 
morphology, as shown in Fig. 33. From all the investigated cases in this study, it is 
clear that age hardening of asphalt mixture is significantly affected by the average 
air void size and their interconnectivity in the mixture. Thus, without considering 
the influence of mixture morphology it would be very complex to give appropriate 
predictions of long term behavior of asphalt mixture. 

 

 
 
Fig. 33. The consequences of age hardening due to thicker or thinner PS coating 

thickness for (a) case-1 and (b) case-2 
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It is obvious that the source, types and rheological properties of the bitumen 
used in asphalt mixture plays a vital role in ageing performance. In this study, the 
evolution of bitumen itself due to ageing was not considered separately rather than 
the performance of the mixtures was investigated. Moreover, the asphalt 
morphology framework is based on spherical particles and does not take into 
account aggregate angularity and surface roughness yet. Despite these current 
limitations, by considering the combined effect of air void distribution, aggregate 
packing arrangement, bitumen content, PS coating thickness and degree of 
compaction, this framework has shown to be able to identify the effect of various 
morphological parameters on ageing performance of the mixture. 
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6.4 Effect of diffusion controlled oxidative ageing on different 
mixture morphologies (Paper IV) 

 
The effect of diffusion controlled oxidative ageing on different mixture 
morphologies based on oxidative ageing mechanism of bitumen and diffusion-
reaction process was investigated using the Finite Element Method (FEM). In this 
process, one dense and one open graded field asphalt concrete core were selected 
to investigate different mixture morphologies. 
 
 
6.4.1 Finite elements analysis of the two asphalt mixtures 
 
The dense and open graded asphalt concrete (AC) subsamples 
(30mm×30mm×30mm) described in Chapter 5 were analyzed using COMSOL 
Multiphysics. To investigate the viscosity change with depth, the samples were 
divided into three equal sections: top (section-T), middle (section-M) and bottom 
(section-B) of sizes 30mm×30mm×10mm, Figs. 34 and 35, respectively. In these, the 
viscosity change is presented as a ratio between the log viscosity at a given time 
(log Vt) and the initial log viscosity (log V0). This ratio is defined in this study as 
the ageing hardening factor. A higher value of this factor represents thus more 
oxidative ageing propensity than a lower value. 
 
 

 
 
Fig. 34. Viscosity change due to ageing with depth for dense graded AC 
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Fig. 35. Viscosity change due to ageing with depth for open graded AC 
 

In case of the dense graded sample, an ageing gradient with depth can be 
observed in Fig. 34, ranging from a high age hardening at the top to a less at the 
bottom. Though this result is quite obvious, it is very interesting to note the non-
linearity of this over the depth of the sample. By investigating the air-void 
distribution, the top, middle and bottom section contained 21%, 52% and 27% of 
the total air-void, respectively. Since the surface of the top section was exposed to 
the air, this section ages the most despite having the lowest percentage of air-void. 
As section-M contains 52% of the total air-void and 80% of them are 
interconnected, the average hardening factor of this section was found to be close 
to the top section. For the bottom section, the air-void is only 27% of the total air-
void and has the longest diffusion path. The found non-linearity of the ageing 
gradient is consistent with the previous study on field asphalt mixtures by Western 
Research Institute (Farar et al., 2006).  

 
Looking at the viscosity changes in the case of the open graded sample, in 

Fig. 35, it can be observed that the top and middle section show similar age 
hardening with respect to the less aged bottom section. In this type of morphology, 
the air-voids of the three sections were well distributed along the depth, with 31%, 
37% and 32% of the total air-void, respectively, and mostly all the air-voids were 
interconnected 
 
 



68  ‖  Results and Discussions 
 

 

 
 
Fig. 36. Viscosity change due to ageing with depth for open graded asphalt 

concrete 
 
 
 

 
 
Fig. 37. Viscosity change due to ageing with depth for open graded asphalt 

concrete 
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The in time increasing average hardening factor of the dense and open 
graded samples are plotted in Figs. 36 and 37, respectively. In these figures, a 
cross-section of the mastic phase in the YZ plane at four equal intervals of 1.25 
years is shown. From both figures can be seen that the top obviously ages faster 
than the bottom section. However, in the case of the open graded sample it can be 
observed that all nodes had more or less the same color (i.e hardening) from the 
very beginning, whereas the dense graded sample kept a strong gradient over its 
depth, even after 5 years. This shows the impact of interconnected air-voids and 
the absence of isolated air pockets. Also, as the amount of mastic present in the 
open graded sample is almost half of that in the dense graded one (21.5% versus 
42.5%), the film thickness around the aggregates is much less in the open graded 
system. The oxygen diffusion paths become therefore much shorter and the overall 
rate of diffusion and resulted ageing will increase. 

 
 
6.4.2 Summary of findings 
 
The above analyses have shown that the developed model is capable of simulating 
the on-linear hardening effect that happens inside asphalt pavements. Since the 
model includes a coupled ageing model and allows for complex and realistic 3D 
mixture morphology, it is a powerful tool to assess and design mixtures to resist 
ageing. It can also be used to further analyze mixture design relationships that can 
optimize material combinations, aggregate gradations and volumetric mixture 
choices. It could also be the basis to include further damage mechanisms, such as 
moisture infiltration or permanent deformations.  
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6.5 Asphalt mixture ageing model by incorporating morphology 
framework (Paper V) 

 
In this section, a FE analysis on diffusion-reaction process has been conducted by 
implementing fundamental mechanism of ageing. A parametric sweep of 
morphology parameter was performed to find out its effect on ageing 
susceptibility. To investigate the ageing gradient along the depth of asphalt 
mixture, diffusion controlled oxidative ageing on one dense graded and one open 
graded field asphalt concrete core were investigated. By integrating the 
morphology, a model has been proposed to predict viscosity change in asphalt 
mixture and compared with existing ageing model. 
 
 
6.5.1 Ageing as a function of PS coating thickness 
 
From a previous study (Das et al., 2013a), using 70 different asphalt mixtures, it 
was observed that PS coating thickness ranged from 0.2mm to 2.0mm. Using this 
range, in the current study, a parametric sweep of the PS coating thickness using 
0.2mm intervals has been conducted where the oxygen is allowed only to diffuse 
from the surface and the other sides are assumed to be impermeable to air, as 
shown in Fig. 38. It has been assumed that initially (at t=0 sec), the surface has the 
maximum oxygen concentration of 0.81 mol/m3 and no oxygen present in the 
bitumen film. In time, the oxygen molecules diffuse into the film in accordance 
with Eq. (3) and the analyses has been carried out for a period of 10 years, where 
the model input parameters are listed in Table 8. To investigate the oxygen 
diffusion-reaction process and age hardening, a 3D finite element model, with the 
appropriate geometries and boundary conditions (Fig. 38) has been developed. 
 
Table 8. Model input parameters for the FE model 
 

Parameter   
T 333.15 K 
log V0 2.964 Pa s 

kf 7 × 10-6 m3/mol/s 
Pf∞ 77.340 mol/m3 

ksPs∞  2× 10-5 1/s 
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Fig. 38. Geometry and boundary conditions for 3D FE model 
 
 

To study the effect of the diffusion-reaction process on the PS coating 
thickness, a model with 1mm PS coating thickness has been analyzed. The changes 
in properties (a) oxygen concentration, (b) oxidation product concentration, (c) 
diffusion coefficient and (d) viscosity due to the diffusion-reaction process are 
depicted in Fig. 39. To investigate the changes of these properties with the depth of 
the bitumen film, total six equally spaced reference lines has been selected (cf. Fig. 
38).  

 
It can be seen in Fig. 39(a) that with the time oxygen concentration in the 

bitumen film continuously increases until it becomes saturated. The corresponding 
product concentration is shown in Fig. 39(b), which increases with the time due to 
the increasing oxygen concentration. Due to the new product generation in the 
bitumen matrix the diffusion coefficient has also changed, as depicted in Fig. 39(c). 
In this oxidation process, the diffusion coefficient decreases with the increasing 
product concentration. This diffusional resistance decreases the oxygen diffusion 
rate in the bitumen. Fig. 39(d) represents how the viscosity in the film is changing 
with the time and depth. As expected, with the increasing product concentration 
the viscosity increases and with the depth the viscosity decreases. 
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Fig. 39. Evolution of the (a) oxygen concentration, (b) product concentration, (c) 

diffusion coefficient and (d) viscosity predicted by the FE simulation 
 
 
 
 

 
 
Fig. 40. Hardening profile as a function of PS coating thickness and time 
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The corresponding average viscosity changes with time obtained from 
parametric sweep of PS coating thickness are shown in Fig. 40. The viscosity 
change is presented as a ratio between viscosity at a given time (logVt) and initial 
viscosity (logV0), which is named ‘hardening factor’. Initially, the viscosity 
increases at a fast rate, followed by a slow but constant rate, which is identical to 
the typical hardening response of asphaltic mixtures in the field (Coons and 
Wright, 1968). One may observe that the viscosity decreases with increasing PS 
coating thickness, which can be explained due to the longer diffusion paths. Since 
PS coating thickness carries the morphology information, it would be interesting to 
investigate the relation between the PS coating thickness and normalized viscosity. 
If a trend exists, then this fundamental understanding could be implemented in the 
ageing model as a morphology input parameter. To do so, the increased viscosity 
after 10 years of ageing has been plotted against PS coating thickness, as shown in 
Fig. 41. 
 

 
 
Fig. 41. Effect of PS coating thickness on hardening factor change 
 

Based on the analyses (cf. Figs. 40 and 41), a general relationship can be 
formulated for the viscosity change as a function of the PS coating thickness, which 
can be expressed as: 
 

( )c

pChange in hardening factor a b t= +    (15) 
 
in which a, b and c are fitting parameters which are dependent on time, 
temperature, depth and type of bitumen used in the asphalt mix and may be 
directly related to the fundamental mechanism which controls the ageing process. 
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6.5.2 Ageing as a function of depth 
 
To investigate the ageing gradient along the depth of asphalt mixture, in this 
study, diffusion controlled oxidative ageing on one dense graded and one open 
graded field asphalt concrete core (cf. Figs. 9 and 10) have been investigated. The 
boundary conditions were defined as follows: the top surfaces were exposed to 
continuous air supply while the other surfaces were considered to be impermeable 
to air. In this way, the interconnected air-voids have a continuous flow of air from 
the top. Initially, the isolated air-voids were assumed to be fully saturated with air. 
In the analyses, it is oxygen concentration which is diffusing through the sample. 
So, a fully saturated air-void starts with an initial oxygen concentration of 0.81 
mol/m3, which is the normal oxygen concentration in air. The results presented 
below are confined to the input parameters presented in Table 8. The simulations 
have been carried out for a period of 10 years. Since during ageing simulations all 
the bitumen properties for the two subsamples are considered to be the same, these 
simulations can provide insight on the importance of mixture morphology. 
 
  

 
 
Fig. 42. Hardening factor profile of (a) dense (b) open graded asphalt concrete as 

a function of depth and time 
 
 

The change of the hardening factor (logVt / logV0) with depth of the 
subsample and time has been captured in Fig. 42 for both dense and open graded 
asphalt. At any depth, a typical hardening response has been observed where the 
field asphalt core hardens at a faster rate in the beginning, followed by a slow but 
constant rate.  The depth has been normalized in a way so that 1 represents the 

(a) (b) 
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surface and 0 represents the bottom of the subsample. For both of the subsamples, 
it can be seen that the hardening factor is maximum at the surface and decreases 
along the depth which is of course expected. For a predictive ageing model it is 
important to capture the ageing variation along the depth of the asphalt concrete. 
Thus it would be interesting to investigate any existing trend to capture this 
information. For this reason, the hardening factors after 10 years of ageing have 
been plotted against depth of the asphalt cores, as shown in Fig. 43. 
 

 
 

Fig. 43. Hardening-depth response as a function of time, temperature and 
mixture morphology 

 
In this the hardening factor has been normalized (fz) so that 1 represents the 

maximum hardening factor and 0 represents no long term ageing. Based on the 
results from the FE analyses, a general trend of normalized hardening factor along 
the normalized depth can be observed and expressed using a power law function, 
as shown in Fig. 43. In which α, β and ϒ are the fitting parameters which are 
dependent on the time, temperature, mixture morphology and type of bitumen 
used in the asphalt mixture. 
 

Furthermore by comparing the two curves in Fig. 43, it can be seen that the 
hardening-depth relationship is very dependent on the mixture morphology. The 
value of parameter β was -1.9 and -5.8 for the open graded and dense graded 
mixtures, respectively. It could be hypothesized that each mixture depending on 
its morphology has its own beta parameter. To demonstrate this further, an 
example has been presented in Fig. 44. One can observe that this relation is capable 
to cover a wide range of asphalt concrete from extremely open graded asphalt to 
extremely dense graded. In the case of extremely open graded asphalt the 
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normalized hardening factor is close to 1 along with the depth. This indicates that 
the whole asphalt concrete aged similar way as mostly all the air-voids are 
interconnected. While, in case of extremely dense graded asphalt, where the 
percentage of air void is less and mostly there is no interconnectivity, the 
normalized hardening factor is close to 0 along with the depth. 

 

 
 
Fig. 44. Schematic of hardening-depth response with extreme cases. 
 

Based on this, the morphology can thus be integrated with time and 
temperature to predict viscosity change in asphalt mixtures. To validate this, a 
regression analysis was performed using the data base presented in the materials 
section (source 8-10). 
 
 
6.5.3 Ageing as a function of temperature 
 
The possible trend of viscosity changes with the temperature for field asphalt core 
has been investigate based on the large documented data in Oh and Fernando, 
2008. The viscosities of extracted binder from thirteen different field sections were 
measured at seven different temperatures (52, 58…82, 88°C). The corresponding 
viscosity with respect to the temperature is shown in Fig. 45. It has been observed 
that a linear relation can be used successfully to capture the viscosity-temperature 
relationship. 
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Fig. 45. Change of bitumen viscosity with temperature 
 
 
6.5.4 Morphology based ageing model 
 
The short-term aged viscosity or the viscosity at laydown condition can be defined 
as (Mirza and Witczak, 1995): 
 

0log log log RV A VTS T− = + ⋅     (16) 
 
in which 0V  is the bitumen viscosity in centipoises, RT  is the temperature in 

Rankine, A is the regression line intercept and VTS is the regression line slope 
(Viscosity Temperature Susceptibility parameter). The values of A and VTS of 
different performance graded bitumen can be found in MEPDG, 2002. After 
laydown/construction, the viscosity of bitumen in asphalt mixture aged with the 
time which is a function of mixture morphology, ambient temperature, ageing time 
and depth. Hence, the total viscosity change at any time of the pavement service 
life is the summation of the short-term aged viscosity and log-term aged viscosity.  
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Table 9. Variables for nonlinear regression analysis 
 

Project / 
Section ID 

PS 
Coating 

thickness 
(mm) 

Time 
(month) 

Temp. 
(°C) A VTS 

Measured log-
viscosity  

(Centipoise) 

I75-1A 1.10 168 60 10.632 -3.548 7.00 
I75-1B 0.95 180 60 10.632 -3.548 7.01 
I75-3 1.59 168 60 10.632 -3.548 7.00 
I75-2 1.04 180 60 10.632 -3.548 7.01 
SR80-1 1.40 228 60 10.632 -3.548 7.03 
SR80-2 1.42 192 60 10.632 -3.548 7.01 
SR16-4C 2.03 156 60 10.632 -3.548 6.99 
SR16-6C 1.49 156 60 10.632 -3.548 6.99 
TPK-1U 1.00 120 60 10.632 -3.548 6.96 
TPK-2C 0.96 120 60 10.632 -3.548 6.96 
NW39-1C 1.29 168 60 10.632 -3.548 7.00 
NW39-2U 0.93 168 60 10.632 -3.548 7.00 
US19-1U 0.92 108 60 10.632 -3.548 6.94 
US19-2C 0.97 108 60 10.632 -3.548 6.94 
SR375-1U 2.00 48 60 10.632 -3.548 6.79 
SR375-2C 1.53 48 60 10.632 -3.548 6.79 
UF1-Layer A 0.72 24 60 10.632 -3.548 6.05 
UF2-Layer A 0.82 24 60 10.980 -3.680 6.08 
UF4-Layer A 0.84 24 60 10.632 -3.548 6.45 
UF6-Layer A 1.07 24 60 10.980 -3.680 6.17 
UF7-Layer A 1.08 24 60 10.980 -3.680 6.46 
UF1-Layer A 0.72 24 25 10.632 -3.548 9.37 
UF2-Layer A 0.82 24 25 10.980 -3.680 8.99 
UF4-Layer A 0.84 24 25 10.632 -3.548 9.48 
UF6-Layer A 1.07 24 25 10.980 -3.680 9.16 
UF7-Layer A 1.08 24 25 10.980 -3.680 9.23 
UF1-Layer A 0.72 132 60 10.632 -3.548 6.09 
UF2-Layer A 0.82 132 60 10.980 -3.680 6.12 
UF4-Layer A 0.84 132 60 10.632 -3.548 6.47 
UF6-Layer A 1.07 132 60 10.980 -3.680 6.19 
UF7-Layer A 1.08 132 60 10.980 -3.680 6.51 
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A typical viscosity profile during the pavement service life is shown in Fig. 39 
(d), which can be also capture by using a power law equation. Based on the above 
fundamental understanding, once the laydown viscosity is known then the total 
viscosity at any given time (t), temperature (T) and depth (z) can be written as: 
 

0log ( , , , )tlogV V f mixturemorphology temperature time depth= +  
 

{ } { } { }0log ( ) ( ) ( )c g
t p zlogV V a b t d T e f t f = + + × + ×    (17) 

 
The parameters a to g can be obtained from regression analysis. The data set 

for the variables is listed in Table 9. A nonlinear regression analysis has been 
conducted and the obtained values for the parameters are a = 1.173; b = -0.009, c = 
1.520; d = -0.0002; e = 0.380; f = 0.283 and g = 0.363, which provides the R2 = 98.4. 
For fz the regression coefficient was found to be α = 1.353; β = -1.890 and ϒ -0.351. 
 
 

 
 
Fig. 46. Comparison of predicted to measured viscosity for field aged condition 

(a) GAS model (b) proposed model 
 
 

The predicted viscosity using the GAS model and the measured viscosity is 
plotted in Fig. 46(a). Fig. 46(b) shows the relationship between predicted aged 
viscosity developed in this paper using Eq. (16) and the measured aged viscosity 
for the data set presented in Table 9. The two groups of data in the figures 
represent the different temperature groups at which the measurements were 
conducted. It can be seen that the GAS model over predicts the aged viscosity. 
From Fig. 46(b), it can be seen that by considering the morphology parameter, the 
proposed model can predict the aged viscosity quite well. 
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6.5.5 Summary of findings 
 
It was found that focusing only on the percentage of air-void as the main 
predictive ageing parameter may lead to an erroneous conclusion and non-optimal 
predictions of long-term behavior.  To replace such approaches, a new way to 
predict the long-term ageing is proposed in this chapter, utilizing the determined 
relationships of mixture morphology and the posed ageing mechanism. Though 
additional mechanisms and non-linear coupling between them may be still needed 
to reach the ‘ultimate’ ageing prediction model, the developed model was shown 
to be a significant improvement to the currently used methods and may show the 
way forward for enhancing the fundamental knowledge towards asphalt mixture 
ageing. 
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Chapter 7 
 
 
 
 
7 Conclusions and Recommendations 
 
The aim of this Thesis was to develop fundamental understanding on ageing in 
asphalt mixtures that can contribute to the asphalt community moving away from 
the currently used accelerated ageing laboratory tests and empirical models that 
can lead to erroneous conclusions.  
 

To reach this aim, experimental and numerical micro-scale analyses on 
bitumen and meso-scale investigations on mixture morphology have been 
performed which, collectively, allowed for the development of a method for the 
prediction of asphalt field ageing, incorporating both mixture morphology and 
micro-scale bitumen mechanisms. For this, first, the mechanisms of surface ageing 
and diffusion controlled oxidative ageing were identified. Secondly, the influence 
of mixture morphology on asphalt ageing susceptibility was investigated. 
Procedures to determine the controlling parameter were then developed and a 
framework to quantify the long-term field ageing of asphalt mixtures was set-up. 
Basis on these, in the following, conclusions are presented and recommendations 
are made towards a possible continuation of this research. 
 
 
7.1 Concluding discussions 
 
The change of micro-structures on the bitumen surfaces due to temperature 
increase or decrease has correlated exactly with the DSC test results. It has been 
found that the appearance of micro-structures is always in the crystallization 
temperature range of that specific bitumen whereas the dissolving of these micro-
structures is related to the melting temperature range. Thus based on the analyses 
of the obtained results it could be concluded that the behavior and appearance of 
microstructures is very much related to the wax behavior. Therefore, this research 
confirms that the so called ‘Bee’ structures are indeed wax induced. 
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In previous studies on PAV aged bitumen, an increase of bee-shaped 
microstructures compared with unaged bitumen was reported. However, in this 
study it has been found that the percentage of microstructures on the surface 
reduced with the ageing which is irrespective to the bitumen type. For the extreme 
exposure (both UV and air), the quantity was lowest and with time it became even 
lower. Since the microstructures are related to the wax content, one would expect 
that, with ageing, the wax content may also change. From the DSC results, 
however, it has proven that this is not the case, as the wax content stayed in fact 
the same. This observation let to the hypothesis that a thin film forms at the 
specimen surface due to ageing, thus creating a barrier, which restricts the 
microstructures to float towards the surface. Furthermore, the microstructural 
investigation has showed strong indications that, depending on the bitumen and 
its conditioning, water soluble thin films are formed due to ageing. 
 

A new empirical relation to obtain PS coating thickness is established 
utilizing mixture volumetric properties and gradation. This gives an important 
improvement to ideal packing arrangements that are limited to individual curves 
that force for interpolation to be able to calculate the PS coating thickness for non-
ideal packing arrangements.  
 

This enhanced framework can be successfully used to identify the effect of 
various morphological parameters on ageing performance of the mixture. Since 
mixture morphology is controllable, having insight into how the various 
morphological parameters influence the mixture’s durability behavior can be of 
great value to optimize its design, regardless of the individual material properties.  
 

Utilizing the developed oxidative ageing model, the thin film FE parametric 
study has showed that the observed initial viscosity increase is controlled by the 
fast reaction rates, whereas the slow reaction rates are controlling the long term age 
hardening.  
 

From the 3D asphalt mixture ageing analyses, it has been found that the 
developed model is capable of simulating the non-linear hardening effect that 
happens inside asphalt pavements. As such, the coupled ageing model will allow 
for complex and realistic asphalt mixture ageing analyses that can optimize 
material combinations, aggregate gradations and volumetric mixture choices. The 
computational analysis has showed that the effect of the air-void distribution, their 
interconnectivity and the aggregate packing has a significant effect on the resulting 
age hardening of the overall mixture. 
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It has been found that only considering the percentage of air-void as an input 

parameter in the predictive ageing model, may lead to erroneous conclusions and 
non-optimal design. The model proposed in this Thesis is based on the mixture 
morphology information and able to predict the aged viscosity better than the 
existing model. Though additional mechanisms and non-linear coupling between 
them may be still needed to reach the ‘ultimate’ ageing prediction model, the 
developed model has been found to be a significant improvement to the currently 
used methods and may show the way forward to enhance the fundamental 
knowledge towards asphalt mixture ageing.  

 
 
7.2 Recommendations 
 
From the research done in this Thesis, some remaining questions have been 
identified which can be further investigated in future research efforts. Firstly, even 
though the research showed that the phase separation was clearly related to the 
wax phase, the percentages of phases do not exactly correlate to the low number of 
wax, present in the bitumen. The measured stiffness of the bees and the matrix 
phase and the implication of their evolution is an interesting matter, which should 
also be further investigated.  
 

Secondly, in this Thesis, an oxidative ageing mechanism was hypothesized 
based on which numerical model was implemented. The posed mechanism, 
however, could be further validated through chemical testing. From this, a further 
identification of the fundamental ageing mechanisms and its relation to the 
mechanical material properties can be done. 
 

Thirdly, a hypothesis was made about deformation of a protective film and 
its relation to microstructure formation at the surface and its relationship to 
moisture damage. This hypothesis was based on only one conditioning cycle. To 
further confirm this hypothesis, it is recommended to repeat this experiment for 
multiple conditioning cycles and more types of bitumen. 
 

Lastly, the connection between the developed knowledge on the micro-scales 
and behavior on the meso-and macro scale can be further developed. Considering 
it’s the same material merely analyzed at the different scale fundamental 
relationships, must exist. The identification, quantification and validation of such 
interconnectivity relationships could be of paramount importance for material 
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optimization and accurate long-term performance predictions. It is therefore 
recommended that further research focuses on developing a true multi-scale 
framework, such as illustrated in Fig. 47. 
 
 
 
 

 
 
Fig. 47. Schematic depiction of multi-scale ageing framework 
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Gmm is maximum specific gravity; Gb is specific gravity of bitumen; Pb is bitumen content (%); Gsb is bulkm specific gravity of aggregate; Pba is percent of absorbed bitumen (%); 
Pav is percent of air void (%); VFA is void filled with bitumen (%) 

Appendix 
 
 
Table 10.  Gradation and volumetric properties of studied asphalt mixtures 
 

    Mixture Gradations Volumetric properties 
Sieve Size → 19 12.5 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 Gmm Gb Pb Gsb Pba Pav VFA 

So
ur

ce
-1

 

GA-C1 100 97.4 89.0 55.5 29.6 19.2 13.3 9.3 5.4 3.5 2.442 1.035 6.63 2.687 0.37 4.0 78.5 
GA-C2 100 90.9 72.9 45.9 28.1 18.9 13.2 9.2 5.6 3.9 2.500 1.035 5.26 2.687 0.43 4.0 73.8 
GA-C3 100 97.3 89.5 55.4 33.9 23.0 16.0 11.2 6.8 4.7 2.492 1.035 5.25 2.686 0.31 4.1 74.2 
GA-F1 100 94.7 84.0 66.4 49.2 32.7 21.0 12.9 5.9 3.3 2.473 1.035 5.68 2.686 0.28 4.0 75.9 
GA-F2 100 90.5 77.4 60.3 43.2 34.0 23.0 15.3 8.7 5.4 2.532 1.035 4.56 2.687 0.53 3.9 71.2 

GA-
F3/C4 100 94.6 85.1 65.1 34.8 26.0 18.1 12.5 7.7 5.8 2.505 1.035 5.14 2.687 0.46 4.0 73.3 

WR-C1 100 97.0 90.0 60.0 33.0 20.0 15.0 11.0 7.6 4.8 2.328 1.035 6.50 2.469 1.10 4.0 74.0 
WR-C2 100 91.0 74.0 47.0 30.0 20.0 14.0 10.0 6.7 4.8 2.347 1.035 5.80 2.465 1.30 3.9 71.6 
WR-C3 100 98.0 89.0 57.0 36.0 24.0 18.0 13.0 9.2 6.3 2.349 1.035 5.30 2.474 0.90 4.0 70.2 
WR-F1 100 96.0 85.0 69.0 53.0 34.0 23.0 15.0 9.6 4.8 2.338 1.035 6.30 2.488 1.10 4.0 74.2 
WR-F2 100 91.0 78.0 61.0 44.0 35.0 24.0 16.0 9.1 6.3 2.375 1.035 5.40 2.489 1.20 3.9 70.1 

WR-
F3/C4 100 95.0 85.0 67.0 37.0 26.0 20.0 14.0 8.6 5.8 2.347 1.035 5.60 2.468 1.10 3.9 71.8 

So
ur

ce
-2

 C1 100 97.4 90.0 60.2 33.1 20.3 14.7 10.8 7.6 4.8 2.328 1035 6.50 2469 1.10 4.0 74.0 
C2 100 91.1 73.5 47.1 29.6 20.2 14.4 10.4 6.7 4.8 2.347 1035 5.80 2465 1.30 3.9 71.6 
C3 100 97.6 89.3 57.4 36.4 24.0 17.7 12.9 9.2 6.3 2.349 1035 5.30 2474 0.90 4.0 70.2 
C4 100 94.5 84.9 66.5 36.6 26.1 20.5 13.6 8.6 5.8 2.347 1035 5.60 2468 1.10 3.9 71.8 
C5 100 97.4 89.9 47.1 33.1 20.3 14.7 10.8 7.6 4.8 2.342 1035 6.30 2467 1.51 4.0 72.4 
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Sieve Size → 19 12.5 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 Gmm Gb Pb Gsb Pba Pav VFA 
So

ur
ce

-3
 

80% 100 100 98.0 64.0 39.0 27.0 18.0 10.0 7.0 4.9 2.509 1.031 5.40 2.668 0.91 4.1 72.2 
85% 100 100 98.0 62.0 37.0 25.0 17.0 10.0 7.0 4.9 2.509 1.031 5.40 2.672 0.86 3.2 77.2 
88% 100 100 98.0 60.0 35.0 24.0 17.0 9.0 7.0 4.9 2.510 1.031 5.40 2.669 0.92 3.8 73.9 
93% 100 100 98.0 58.0 33.0 23.0 16.0 9.0 7.0 5.0 2.513 1.031 5.40 2.671 0.94 4.4 70.6 
95% 100 100 98.0 57.0 32.0 22.0 15.0 9.0 7.0 5.0 2.518 1.031 5.40 2.671 1.03 4.4 70.3 
97% 100 100 98.0 56.0 31.0 22.0 15.0 9.0 7.0 5.0 2.514 1.031 5.40 2.671 0.96 4.0 72.7 

B 1-10 100 100 98.0 58.0 44.0 30.0 22.0 11.0 6.0 5.0 2.496 1.031 5.50 2.652 1.00 4.8 68.6 
B 1-5 100 100 98.0 55.0 42.0 28.0 21.0 11.0 6.0 5.0 2.503 1.031 5.50 2.656 1.10 6.4 61.7 

B 1 LW 100 100 98.0 53.0 40.0 25.0 19.0 10.0 6.0 5.0 2.511 1.031 5.50 2.66 1.10 6.5 60.9 
B 1+5 100 100 98.0 51.0 38.0 23.0 18.0 10.0 6.0 5.0 2.513 1.031 5.50 2.664 1.10 7.1 58.8 
B 1+10 100 100 98.0 49.0 35.0 21.0 16.0 9.0 6.0 5.0 2.516 1.031 5.50 2.668 1.10 7.6 57.0 
B 2-20 100 100 97.0 54.0 43.0 32.0 24.0 12.0 6.0 5.0 2.504 1.031 5.50 2.645 1.20 4.8 67.6 
B 2-5 100 100 97.0 51.0 41.0 30.0 23.0 12.0 6.0 5.0 2.506 1.031 5.50 2.648 1.20 4.6 68.7 

B 2 LW 100 100 96.0 48.0 39.0 28.0 21.0 11.0 6.0 5.0 2.508 1.031 5.50 2.652 1.20 4.1 71.3 
B 2+5 100 100 96.0 46.0 36.0 26.0 20.0 11.0 6.0 5.0 2.512 1.031 5.50 2.656 1.20 3.9 72.6 
B 2+10 100 100 96.0 44.0 34.0 24.0 19.0 10.0 6.0 5.0 2.513 1.031 5.50 2.659 1.20 4.6 69.1 
B 4-40 100 100 98.0 56.0 44.0 29.0 17.0 7.0 6.0 5.0 2.495 1.031 5.50 2.652 1.00 5.1 67.2 
B 4-5 100 100 98.0 54.0 41.0 26.0 16.0 7.0 6.0 5.0 2.499 1.031 5.50 2.656 1.00 5.7 64.8 

B 4 LW 100 100 98.0 52.0 39.0 24.0 15.0 6.0 6.0 5.0 2.503 1.031 5.50 2.66 1.00 6.0 63.3 
B 4+5 100 100 98.0 50.0 37.0 22.0 14.0 6.0 6.0 5.0 2.505 1.031 5.50 2.664 1.00 6.8 60.4 
B 4+10 100 100 98.0 48.0 35.0 21.0 13.0 6.0 6.0 5.0 2.512 1.031 5.50 2.668 1.00 8.2 55.1 
B 5-50 100 100 98.0 58.0 44.0 31.0 27.0 16.0 6.0 5.0 2.506 1.031 5.50 2.652 1.20 2.0 84.0 
B 5-5 100 100 98.0 56.0 42.0 28.0 25.0 15.0 6.0 5.0 2.510 1.031 5.50 2.656 1.20 2.3 82.2 

B 5 LW 100 100 98.0 54.0 40.0 26.0 23.0 14.0 6.0 5.0 2.511 1.031 5.50 2.66 1.10 2.5 80.5 
B 5+5 100 100 98.0 51.0 38.0 24.0 21.0 13.0 6.0 5.0 2.512 1.031 5.50 2.664 1.10 2.9 78.5 
B 5+10 100 100 98.0 49.0 35.0 22.0 19.0 12.0 6.0 5.0 2.512 1.031 5.50 2.668 1.00 4.1 72.1 
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Gmm is maximum specific gravity; Gb is specific gravity of bitumen; Pb is bitumen content (%); Gsb is bulkm specific gravity of aggregate; Pba is percent of absorbed bitumen (%); 
Pav is percent of air void (%); VFA is void filled with bitumen (%) 

Sieve Size → 19 12.5 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 Gmm Gb Pb Gsb Pba Pav VFA 
So

ur
ce

-4
 

S_35 100 82.0 67.0 36.0 25.0 16.0 12.0 9.0 7.0 5.8 2.429 1.035 6.40 2.655 0.30 4.3 72.8 
S_36 100 84.0 70.0 40.0 26.0 17.0 12.0 9.0 7.0 6.0 2.447 1.035 6.50 2.673 0.44 4.0 73.0 
S_37 100 84.0 68.0 40.0 26.0 17.0 12.0 9.0 8.0 6.1 2.417 1.035 6.80 2.648 0.44 3.9 75.9 
S_38 100 85.0 70.0 42.0 28.0 17.0 11.0 9.0 7.0 6.1 2.459 1.035 5.90 2.661 0.44 4.1 70.5 
S_39 100 85.0 70.0 41.0 26.0 17.0 12.0 9.0 7.0 6.1 2.441 1.035 6.80 2.665 0.64 5.3 67.1 
S_54 100 85.0 68.0 39.0 24.0 16.0 12.0 9.0 7.0 5.6 2.424 1.035 6.50 2.648 0.37 3.3 78.1 
S_55 100 85.0 68.0 39.0 24.0 16.0 12.0 9.0 7.0 5.6 2.419 1.035 6.80 2.655 0.37 3.7 76.7 
S_56 100 85.0 69.0 39.0 24.0 16.0 12.0 9.0 7.0 5.6 2.452 1.035 5.90 2.657 0.37 4.0 71.8 

So
ur

ce
-5

 

E2 100 96.0 74.0 41.0 29.0 22.0 18.0 12.0 7.0 4.1 2.505 1.035 4.70 2.557 2.05 2.8 80.0 
E3 100 96.0 74.0 41.0 29.0 22.0 18.0 12.0 7.0 4.1 2.519 1.035 4.80 2.512 3.08 4.0 71.4 
E4 100 95.0 75.0 42.0 29.0 23.0 18.0 13.0 8.0 4.6 2.512 1.035 4.70 2.515 2.85 3.8 72.9 
E8 100 98.0 86.0 66.0 51.0 38.0 28.0 18.0 10.0 5.2 2.477 1.035 5.60 2.512 2.87 4.2 70.0 
E9 100 98.0 86.0 66.0 51.0 38.0 28.0 18.0 10.0 5.2 2.480 1.035 5.40 2.515 2.75 4.4 68.6 
N5 100 99.0 84.0 52.0 38.0 26.0 18.0 14.0 11.0 8.3 2.355 1.035 6.90 2.557 0.68 3.0 79.0 
N6 100 99.0 85.0 54.0 37.0 25.0 17.0 13.0 10.0 8.2 2.348 1.035 6.80 2.512 1.20 3.3 74.4 
N7 100 98.0 83.0 52.0 36.0 24.0 17.0 13.0 10.0 7.8 2.330 1.035 6.90 2.515 0.85 2.1 84.7 
N8 100 99.0 85.0 55.0 37.0 24.0 17.0 13.0 10.0 7.5 2.351 1.035 6.60 2.55 0.52 4.0 71.2 

So
ur

ce
-6

 

1 100 100 89.0 63.0 45.0 33.0 21.0 13.0 8.0 5.0 2.619 0.993 2.20 2.704 0.20 8.0 37.8 
2 100 100 89.0 63.0 45.0 33.0 21.0 13.0 8.0 5.0 2.576 0.993 3.20 2.704 0.20 8.0 47.3 
3 100 100 89.0 63.0 45.0 33.0 21.0 13.0 8.0 5.0 2.534 0.993 4.20 2.704 0.20 8.0 54.0 
4 100 100 89.0 63.0 45.0 33.0 21.0 13.0 8.0 5.0 2.497 0.993 5.10 2.704 0.20 8.0 58.7 
5 100 100 89.0 63.0 45.0 33.0 21.0 13.0 8.0 5.0 2.458 0.993 6.10 2.704 0.20 8.0 62.7 
6 100 100 89.0 63.0 45.0 33.0 21.0 13.0 8.0 5.0 2.420 0.993 7.10 2.704 0.20 8.0 66.0 
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Sieve Size → 19 12.5 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075 Gmm Gb Pb Gsb Pba Pav VFA 
So

ur
ce

-7
 Cell-17 100 93.3 85.0 68.8 59.3 48.0 33.0 19.6 6.8 4.2 2.456 1.035 5.45 2.619 0.64 7.7 57.6 

Cell-18 100 92.8 84.5 68.8 59.0 47.9 33.0 19.6 6.4 4.4 2.444 1.035 5.83 2.619 0.75 5.6 67.2 
Cell-20 100 93.8 85.0 69.3 60.1 48.7 33.2 19.6 7.0 4.8 2.430 1.035 6.06 2.619 0.65 6.3 65.6 
Cell-22 100 94.0 85.0 69.5 60.4 48.4 32.9 19.8 7.0 4.3 2.459 1.035 5.35 2.619 0.66 6.5 61.5 

So
ur

ce
-8

 

I75-1A 100 95.7 91.8 73.6 57.6 46.3 38.2 26.9 12.7 5.9 2.349 1.035 6.20 2.476 1.53 5.39 61.1 
I75-1B 100 97.7 93.7 74.6 55.6 44.2 36.8 25.6 12.3 5.6 2.369 1.035 6.78 2.490 1.91 3.21 80.0 
I75-3 100 93.8 86.2 65.1 52.7 46.1 40.2 27.3 13.2 5.5 2.38 1.035 6.64 2.436 2.98 7.24 54.9 
I75-2 100 97.7 92.5 68.9 50.5 41.9 35.2 22.6 10.7 5.0 2.386 1.035 6.15 2.462 2.38 6.93 52.5 

SR80-1 100 90.0 80.4 59.0 45.1 35.2 28.1 21.4 11.2 5.8 2.338 1.035 6.45 2.407 2.57 5.71 59.2 
SR80-2 100 93.6 84.8 64.4 52.4 41.1 32.7 25.7 14.6 6.2 2.359 1.035 6.76 2.433 2.73 7.53 52.3 

So
ur

ce
-9

 

SR16-4C 100 99.1 89.7 59.2 46.9 41.2 36.5 18.9 7.8 5.3 2.365 1.035 5.28 2.290 4.58 10.84 10.0 
SR16-6C 100 98.8 89.3 64.1 51.7 44.9 39.7 25.1 9.1 5.6 2.363 1.035 5.68 2.274 5.10 11.03 14.0 
TPK-1U 100 100 94.9 69.9 51.6 44.3 36.6 24.6 9.1 4.3 2.348 1.035 5.49 2.519 0.26 3.81 75.1 
TPK-2C 100 99.3 94.8 67.9 54.2 46.7 37.5 22.9 10.7 7.3 2.332 1.035 5.23 2.488 0.28 4.55 70.2 

NW39-1C 100 91.0 76.2 52.7 40.3 36.3 34.0 28.2 18.9 5.5 2.399 1.035 5.37 2.547 0.72 8.86 52.8 
NW39-2U 100 99.2 93.0 69.0 50.3 42.0 36.2 17.6 8.5 5.4 2.391 1.035 6.02 2.542 1.07 5.38 66.1 
US19-1U 100 96.7 94.7 68.6 45.5 37.9 33.2 25.3 8.6 5.2 2.354 1.035 6.29 2.551 0.36 3.18 79.5 
US19-2C 100 99.5 92.6 73.4 55.5 43.2 34.7 27.3 11.7 4.7 2.372 1.035 7.42 2.535 1.71 4.48 74.9 
SR375-1U 100 90.5 82.6 56.6 47.0 34.7 22.2 11.3 6.3 3.2 2.520 1.035 5.58 2.547 3.04 9.33 39.0 
SR375-2C 100 90.0 81.5 60.2 50.2 37.2 22.5 12.6 8.7 5.7 2.448 1.035 6.61 2.500 3.21 8.82 46.9 

So
ur

ce
-1

0 

UF1-Layer A 100 99.4 92.3 60.0 38.9 28.7 22.1 16.3 10.6 6.9 2.552 1.035 5.56 2.667 1.77 4.28 68.8 
UF2-Layer A 100 98.4 90.0 48.0 29.8 23.1 18.9 14.3 9.2 5.7 2.545 1.035 5.43 2.685 1.31 3.32 75.2 
UF4-Layer A 100 99.7 95.5 68.9 39.1 27.2 20.8 15.6 9.9 6.6 2.385 1.035 7.24 2.494 2.54 7.41 58.7 
UF6-Layer A 99.9 95.7 89.4 76.5 59.4 46.3 36.1 24.7 11.0 6.9 2.336 1.035 7.15 2.438 2.46 5.33 66.2 
UF7-Layer A 100 95.8 87.0 66.7 52.2 38.4 29.4 21.6 11.4 6.6 2.393 1.035 5.62 2.490 1.72 6.07 58.9 
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