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The self-restoring or healing capacity of asphalt has been known for quite some time. Yet, to
this date, there is no consensus of the fundamental mechanism underlying this phenomenon.
In this paper a multi-scale model is presented which focuses on the healing phenomenon
from a thermodynamic point of view. In the model, healing of bituminous material is
simulated at the micro scale via a phase field model, utilizing a modified version of the Cahn
Hilliard and Flory-Huggins equations. This model is then connected to a more general elastovisco-plastic constitutive framework for the simulation of asphalt mixtures. The paper
presents the developed hypothesis, the experimental evidence and summarizes some of the
theoretical background. The model has been implemented in the 3D finite element system
CAPA-3D and preliminary results are shown.

1

Introduction
1.1

Self healing ability of bitumen

Over the last two decades various laboratory experiments have shown clear evidence of
the beneficial effects of rest periods in restoring the stiffness and strength characteristics of
asphaltic samples subjected to fatigue loading [e.g. Jones and Kennedy 1991, Philips 1999,
Hammoumm et al. 2002, Lu X. et al. 2003, Little and Bhasin 2007]. There is consensus
among researchers that cracking failure prediction models grossly underestimate asphalt
concrete pavements field life and it is accepted that the reason for this discrepancy is
largely the exclusion of healing effects from design calculations.

Over the years, researchers have tried to understand the healing in bituminous materials
from a purely mechanical point of view. Unfortunately, this approach has not resulted into
a consistent picture for the healing behaviour nor has it had the impact on production and
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design which it could have, once properly understood. So far, the fundamental
mechanisms of the chemical and physical interactions within asphaltic concrete
responsible for healing at crack faces are merely speculations rather than based on
thorough scientific analysis. Moreover, some of the speculated healing mechanisms all
exploit the comparison with high molecular weight polymer systems [Kim Y.R. et al 1990,
Little and Bhasin 2007], whereas bitumen has a more complex composition, and consists of
thousands of very different organic molecules, allowing for a very rich variety of
interactions.

Considering the importance and uniqueness of the healing phenomenon in bitumen, an
international research consortium was set-up to investigate the fundamental mechanisms
and develop a model which enables the accurate prediction. In this paper an overview of
the developed model within the framework of this research project and its theoretical and
experimental background is given.
1.2

Wax induced phase-separation

Using Atomic Force Microscopy (AFM) scans, various types of bitumen were studied.
Intermittent-contact Wave-Mode AFM was used to collect both topography and phasecontrast images of bitumen prepared in thin films on glass microscope slides. During the
Strategic Highway Research Program (SHRP) in the late 80ties and early 90ties, in the USA,
several bitumen were investigated and extensively characterized. These bitumen are
referred to as “SHRP core bitumen”. For the AFM investigation in this research, various
SHRP core bitumen were selected based on differences in thermal characteristics as
measured by the activation energy of viscous flow [3]. Samples of bitumen and their
fractions were prepared for investigation under the AFM. In some experiments the
temperature of the sample could be increased in an incremental fashion, then held at a
constant temperature prior to collecting an AFM image, then incrementally decreased and
again held constant at various temperatures prior to imaging the specimen. Height
(topography) and phase images were recorded and compared based on bitumen crude
source.

Figure 1 and Figure 2 only depict AFM Wave-Mode topography images of neat SHRP
bitumen. In these figures, the bitumen are better ranked in terms of crystalline wax
content, χcrys , based on DSC data [28], see Table 1, rather than asphaltene content as
suggested in studies reported by other investigators [e.g. 15]. The one bitumen which does
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not fit this observationally based trend is asphalt AAM-1. Number average molecular
weights listed in Table 1, measured by VPO, which average around 801±71 Daltons for the
remaining seven asphalts may suggest that this asphalt is compositionally different and
could be considered an outlier for this analysis. The micro-structural features that are
depicted in these images have been serendipitously nick-named bumble-bees [15]
apparently due to their resemblance to the black and yellow strips and pointed end shape
reminiscent of that of the topside a bumble-bee. To further investigate these structures,
maltene materials derived from dissolution/filtration techniques and neutral fraction
material generated by an ion exchange chromatography technique for separating polar and

Figure 1: AFM Wave-Mode topography images of neat SHRP bitumen (from left to right and top to
bottom); AAA-1, AAB-1, AAC-1 and AAD-1 [25]
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non-polar material fractions were derived from these eight bitumen and studied by
intermittent-contact AFM. Figure 3 depicts the scans of bitumen AAK-1 and AAC-1, and
maltenes and IEC neutral fractions of these two asphalts. The “bumble-bee” structures are
readily observed in all of the images depicted. Investigation of the neutral fractions for the
other six bitumen revealed that bumble-bee structures were also observed [25].

Similar images of bitumen samples have been recorded by another, high resolution
(VEECO) AFM setup. Bitumen samples were prepared by dropping the molten material
(180 ºC) on aluminium sample holders for the AFM. The AFM was equipped with a

Figure 2: AFM Wave-Mode topography images of neat SHRP asphalts (from left to right and top to
bottom); AAF-1, AAG-1, AAK-1 and AAM-1 [25]
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Table 1: Compositional properties measured for the eight SHRP “core” bitumen
Sample

Number average

Percent asphaltenes

Molecular weight,

n-heptane insoluble

a

b

χcrys

Mn, Daltons
AAA-1

790

15.8

0.001

AAB-1

840

17.3

0.025

AAC-1

870

9.9

0.029

AAD-1

700

20.2

0.010

AAF-1

840

13.4

0.024

AAG-1

710

5.0

0.002

AAK-1

860

20.1

0.013

AAM-1

1300

3.7

0.037

a Number average molecular weight by vapour phase osmometry in toluene at 60°C [3]
b Crystalline fraction content determined by differential scanning calorimetry (DSC) referenced in [Turner and
Branthaver, 1997]

heating stage and a (Peltier) cooling stage, giving access to sample temperatures between
-40 ºC and 200 ºC. The temperature dependent results of this experimental campaign will
be published in a separate paper. Some typical examples of these AFM images from a
bitumen that was close to the SHRP AAC-1 at room temperature are shown in Figure 4.
These high resolution images reveal considerable extra detail compared to those presented
in Figures 1 through 3. Especially at the higher magnification (right figure) new, previously
not observed details become visible: pronounced crystalline micro-structuring, i.e., ledge
and terrace assemblages. This structuring is not unlike findings for similar studies
involving model waxes [7, 30, 4, 8]. All this strongly suggests that the observed bee
structures consist mainly out of waxes.
1.3

Phase separation throughout the bulk

Even though the above sections give a clear indication of wax-induced phase separation in
bitumen, the evidence has been mainly focused on two dimensional films of bitumen. This
would leave the possibility that the separating out of the waxes is an effect that occurs at
the surface instead of the bulk, due to a surface tension effect. Since the existence of a phase
separation phenomenon in bitumen is at the basis of the developed healing model,
presented later on in this paper, it is important to ensure that phase separation is in fact a
bulk property.
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Figure 3: AFM Wave-Mode topography images of two neat SHRP asphalts AAK-1 (left image set)
and AAC-1 (right image set), (top), and asphalt fractions; maltenes (middle) and IEC-neutrals
(bottom) [25].
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Figure 4: Terracing structure of AFM phases observed in tapping mode with a VEECO AFM
(located at TU Delft). The bitumen imaged was in composition close to the SHRP AAC-1 bitumen.

To address this issue, Small Angle Neutron Scattering (SANS) experiments have been
performed on the Spin Echo Small Angle Neutron Scattering (SESANS) spectrometer at the
Reactor Institute Delft, Figure 5 [24]. Complementary quasi-elastic neutron scattering
experiments have been conducted with the NEAT spectrometer at the Hahn-Meitner
Institut, Berlin [14]. The first facility, SESANS, allows for the ‘in bulk’ determination of
G
density-density correlation function, i.e. it correlates the (scattering length) density ρ(r ) at
G
G
G
any location r in the sample with the density ρ(r ′) at any other location r ′ in the sample.
Such a density-density correlation function is usually written as
γ(r ) = ρ(0) ρ(r ) .

(1)

In a SANS experiment the Fourier transform of this correlation function is measured. This
implies that by an inverse Fourier transformation the real-space density-density correlation
function as well as the closely related pair correlation function can be retrieved [10]. In
case of a sample with a two-phase morphology, the two distinct substances can in principle
be distinguished easily by small angle scattering techniques. The only requirements are
that i) the length scale of an average phase-domain is within the observable range of the
small angle technique (between several nanometres up to micrometers when the SESANS
technique is utilized [24]) and ii) the distinct phases in the sample should be ‘sufficiently
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different’ for neutrons. The latter requirement means that the phases should have a distinct
scattering length density [16]. Given the enormous scattering cross section of hydrogen
atoms, local variations in the hydrogen-to-carbon ratio (H/C-ratio) of 5% will provide
enough scattering contrast to distinguish the phases. This all implies that whenever a small
angle signal is observed that there is a kind of ordering or domain structure present in the
sample. In principle, however tedious it may be, one can back calculate from the observed
scattering data to the scattering length density, hence the average molecular make-up of
the phases.

Figure 5: Spin Echo Small Angle Neutron Scattering, SESANS, set-up at Reactor Institute Delft,
TU Delft (left) and the inelastic neutron scattering spectrometer NEAT at the Hahn Meitner
Institut, Berlin (right).
Comparing the observed SANS response with surface and bulk models enables to decide
whether the structural features that were observed at the bitumen’s surface, are also
present in the bulk of the material. It should be noted that traditional small angle
techniques could never observe this effect, since they are limited to lengths up to several
tens of nanometres, while the observed features have length in the range of micrometers,
which is accessible by the SESANS setup [24].

The microscopic structure and dynamics of the selected bitumen grades have been studied
by quasi-elastic neutron scattering. With this technique one obtains the Fourier transform
of the 4-dimensional space-time or van Hove correlation function [16, 2]. All structural and
dynamical information of the system under scrutiny can be extracted from this.
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To investigate the mobility of the bitumen phases, neutron scattering experiments were
carried out at the NEAT spectrometer at the Hahn-Meitner Institut. The experiments were
conducted for various bituminous samples and at various temperatures, so that the
temperature dependence of the dynamical phenomena could be obtained. An illustrative
example of the observed dynamical structure factor at a wave-vector Q = 0.8 Å-1 for the
various temperatures is displayed in Figure 6. From this experiments it was found that,
within the experimental window, the observed peak shape is best described by the
convolution of two Lorentzians (in energy); i.e. within the experimental window the
observed pattern can be described by a 2-component model, each component having a
distinct diffusion constant D. In this, the D is proportional to the Lorentzian line width.
Moreover, there are two meaningful qualitative features visible in the observed pattern in
Figure 6. Firstly the presence of the elastic peak (at zero meV energy transfer) indicates
firmly that the diffusing particles are ‘space-bound’, i.e. they are not diffusing through all
the material, but can access only a limited area [2]. Secondly, while going up in
temperature an asymmetry sets in at the neutron energy loss site of the spectrum. This
asymmetry can not be explained by a detailed balance effect [16], and can be identified
with a Boson peak [27], a signature that the system’s dynamics resembles that of a typical
glass.
Furthermore, from the first results of the SANS experiments, it was observed that the
bitumen exhibits a two-phase morphology, and that the two phases are chemically distinct
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in nature (suggested by the variation of H/C ratio over the regions), Figure 7. For bitumen
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Figure 6: Temperature dependence of the scattering function for a single angle. Here Q = 0.8 Å-1.
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with bee-structures the SANS–signal starts decreasing from 10 µm on, a length comparable
to the size of the bee-structures, whereas the signal stays constant for bitumen without beestructures.

With rapid quenching of liquid bitumen to low temperatures, the two-phase morphology
was not visible, but with slow cooling a two phase system was again apparent. The
simplest plausible model to explain the facts observed is to assume that the material
consists out of two types of moieties (or one type of moiety, and an amorphous
remainder). Also, the ordering process appears to be slow and temperature dependent,
hence it may be diffusive in nature.

Yet bitumen possesses a continuous range of properties, due to their very complicated
composition [22]. This means that the exact potential energy landscape of the system can
never be obtained. The only way to deal with this inherent complexity is to adopt mean
field theories, where exact interactions are averaged and smeared out. The issue is then
whether a two component system, as presented in this paper, is not in contradiction with
the very (complicated) nature of bitumen. This appears not to be the case, as long as the
formation of a phase does not require three-particle correlations. The proof is as follows:
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Figure 7: SANS signal of bitumen without bee-structures (red open squares) and with bee
structures (blue, solid circles), in which P/P0 is the depolarization.
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Select a molecular species present in the system. We wish to compare a property of this
molecule with the same property of any other molecule present in the system. The
properties are either ‘compatible’ or ‘not compatible’, which leads to a natural separation
in two phases. This reasoning appears somewhat radical, because we do not allow
properties to be ‘more or less compatible’. However this is merely a matter of energy
barriers (thermal activation required) than of chemical compatibility. Demonstrations of a
system with continuously distributed properties and two phase morphology, have been
given in literature [1, 29]: polydisperse hard plate systems, and also in polydisperse hard
sphere systems, show the formation of liquid crystalline phases. The driving forces for this
separation are size exclusion or depletion effects.

It can therefore be concluded from the AFM experiments as well as from the neutron
scattering experiments that bitumen can appear as if it were a binary system, although the
properties of the constituent particles may vary in continuous manner. It is an important
task to understand when and why this simple picture of bitumen as a binary liquid holds,
and how this relates to the macroscopic behaviour of the material in real-world
applications.
1.4

Healing mechanism postulate

From the extensive Atomic Force Microscopy and SANS experiment shown in the previous
sections, it has become clear that bitumen has the tendency to phase separate under certain
kinetic conditions. From the AFM scans it can be seen that this separation leads to a
predominant clustering of two types of phases, α and β, illustrated in Figure 8.
From mechanical considerations, it is known that the interfaces between two materials

Cβ

parameters

Cα

AFM evidence

Figure 8: AFM evidence of phase-separation in bitumen [Pauli 2001]
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with different stiffness properties serve as natural stress inducers. This means that when
the material is exposed to mechanical and or environmental loading, these interfaces will
attract high stresses and are prone to cracking. On this scale, this would result into a
crazing pattern which can be detected on a macro-scale by a degradation of the mechanical
properties of the material. If this process would continue, these micro-cracks (crazes)
would continue developing, start merging and finally form macro-cracks. As a
demonstration of the concept of diminished response and the introduction of high stresses
in an inhomogeneous material, a finite element simulation is shown in Figure 9 in which a
constant displacement is imposed on a homogeneous and an inhomogeneous bitumen. The
bituminous matrix is hereby simulated as a visco-elastic material and the inclusions as
elastic. From the deformation pattern it can be clearly seen that the inhomogeneous
material acts not only stiffer, but is also no longer deforming in a smooth, uniform,
manner.

From the AFM and neutron scattering experiments it was shown that bitumen, under
certain circumstances, can form such inhomogeneities. If then, by changing the
thermodynamic conditions of the material, for instance by inputting thermal or mechanical
energy, these inclusions would disappear; restoration of the mechanical properties would
appear on a macro-scale. Since the phase-separation is occurring on the nano-micro scale,

homogeneous

inhomogeneous bitumen

Figure 9: Displacement and normal stress development in a homogeneous vs inhomogeneous
bitumen
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the interfaces between the clusters and the matrix could start crazing when exposed to
mechanical loading. A change of these clusters, either by rearranging themselves or by
merging into the main matrix, would then lead to a memory loss of these crazes and the
bitumen would show a restoration of its original properties, otherwise referred to as
“healing”.

In this project, this re-arrangement of the phases is modelled with a so-called phase field
theory and serves as a basis of the finite element based healing model for asphalts. The
driving force for the rearrangement of the phases upon a changed thermodynamic state is
explained in the following.

2

Kinetics of phase separation
The choice of the appropriate scale to describe a material depends on the type of
information required about the system under consideration. Macroscopic quantities, which
reflect the physico-chemical properties of the studied material are closely connected with
the characteristics of single particles (i.e. atoms, molecules or phases). So, for instance, the
temperature is connected with the mean energy of the thermal motion of the particles, the
mass density straightforwardly depends on the mean number of particles in unit volume,
etc. Thus, the description of the system at the macroscopic level reflects its microscopic
characteristics.

To study the properties of phase separating material, a certain number of its macroscopic
characteristics, i.e. state variables, must be identified. The set of independent macroscopic
parameters then represents the state of the system under consideration. The
thermodynamic state of the system is given by the complex of all the external conditions
acting on the system and also by the set of the independent properties of the system. If all
macroscopic parts of the given system exist in the same state when the system as a whole is
in the equilibrium state, the system is called homogeneous.

In the classical thermodynamic description of a system in chemical equilibrium the given
phase areas in the phase diagrams represent zones of minima of the Gibbs energy, whereas
the phase coexistence is given by the Gibbs phase rule. To construct such a phase diagram
requires the mapping of all available phases and locating their phase boundaries which,
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unfortunately, is not possible by mere direct measurements of temperature or
concentration dependences of the change of the Gibbs potential.

Equilibrium phase diagrams, however, cannot say anything about the reaction which
transforms one phase to another, nor about the composition or the structure of phases
occurring under conditions different from those that make equilibrium possible.
Under conditions of phase equilibrium, when the chemical potential of the phase α, α μ is
equal to that of phase β, β μ , stable coexistence of both phases occurs. For a real material,
however, the system temperature deviates from the equilibrium one for which the equality
of chemical potentials is violated, producing thus a driving force of the phase separation.
The measure of this force is the chemical potential difference
Δμ = α μ − β μ

(2)

In other words, for Δμ < 0 the phase β fraction, β c , will diminish and the fraction of phase
α, α c , will increase. For Δμ > 0 the reverse will happen. The phase fractions can therefore
only be changed under non-equilibrium conditions of a definite driving force.
There are cases where the slowness of phase transformation can considerably affect the
equilibrium. For instance, in an under-cooled liquid the meta-stable phases can be frozen
and if the viscosity rapidly increases with decreasing temperature the vitreous state can
freeze-in, resulting in an unstable solid state called glass transition. The time dependence
of phase transition is therefore important for a better understanding of the relevant
transformation kinetics locating at the same time the actual phase boundary between the
two phases investigated.

The main processes that take place during phase separation and which influence the
results of the whole process are the conditions (e.g. pressure or temperature) under which
the new phase arises in the system and the structure of its composition; the nucleation of
the new phase, first they arise and then they grow (i.e. the kinetics of the phase
transformation) and the transport of energy and mass in the system.

The total Gibbs energy of a biphasic system is
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G = N ⎡⎣ 1 c 1 μ + (1 − 1 c ) 2 μ + kBT { 1 c ln 1 c + (1 − 1 c )ln(1 − 1 c ) + H ( 1 c , 2 c , T )}⎤⎦

(3)

with 1 c + 2 c = 1.0

where α c is the concentration of component α in the system, N is the total number of
molecules, α μ are the chemical potentials per atom of the component α, kB = R N is the
Boltzman constant, relating energy at the molecule level with temperature T observed at
the bulk level, and H is the Gibbs mixing energy per molecule.
From Eq. (3), the Gibbs energy, otherwise known as the configurational free energy Ψ 0 ,
can also be can written as
Ψ 0 = 1 c 1 g + (1 − 1 c ) 2 g + RT { 1 c ln 1 c + (1 − 1 c )ln(1 − 1 c ) + H }

(4)

In equilibrium conditions it must hold that

∂Ψ 0
= 0;
∂c


∂Ψ 0
=0
∂N

(5)

An example of two equilibrium phase transformations is shown in Figure 10. It is possible
that for kinetic reasons (e.g. very fast cooling, slow nucleation or growth etc.) the first
phase transformation is not realized and the phase transitions that correspond to the lower
temperature assert themselves. This would result in a change of the phase diagram and a
new equilibrium or meta-stable state will form, Figure 11.
On the basis of the construction of the common tangent, the concentrations of the
equilibrium or meta-stable phases which fulfill Eq. (5) can be found. Cahn and Hilliard
[1958] formulated the continual theory of phase transition based on the change of the free
energy during the phase transformation in the form:

ΔF = ∫ ⎡ Δf ′ + kCH (∇C )2 ⎤dV (6)
⎣
⎦
V

where V is the volume of the new phase and

Δf ′ = f ′(C ) − f ′(C 0 ) − (C − C0 )

∂f ′
∂C c = c

(7)
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Figure 10: Equilibrium coexistence of two phases at temperature T1 and T2, T1 > T2

Ψ0

C α1
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Figure 11: A possible dependence of Ψ 0 on the concentration C at equilibrium temperature TE

where f ′(C ) is the free energy per unit volume of the homogeneous system with the
concentration C, C is the mean value of the concentration in the system and kCH is a
constant.
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The dynamics of the 1st order phase transformation under non-equilibrium conditions at a
given constant temperature can proceed essentially via two mechanisms: in the nucleation
and the following growth of overcritical nuclei or in the spinodal decomposition. The
spinodal decomposition appears in systems that are rapidly cooled to unstable states
delimited by a curve – the spinodal. The nucleation occurs in the meta-stable region
between the bimodal (corresponding to the equilibrium coexistence of phases) and the
spinodal, Figure 12.

The spinodal corresponds to the inflection point on the curve Ψ 0 ( α c ) at the temperature T.
On the spinodal the following equation holds:

∂Ψ 0
∂c 2


=0

(8)

For thermodynamic reasons a composition barrier exists in the meta-stable region,
meaning that the system is unstable only regarding large changes of composition and it is
stable regarding small fluctuations for which the free energy of the system increases. This
barrier results in a relatively long-term stability of meta-stable states. Thus, in the meta-

Tk

T

binodal

T1

spinodal

metastable states

1c

m1 = 0.85 g

Figure 12: Coexistence of two phases at T1
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stable region the phase change proceeds by the nucleation mechanism, when only the
overcritical nuclei grow with the critical composition.

Another situation is under the spinodal in the unstable region. In this region the
composition barrier does not exist and the system is unstable even regarding small
fluctuations of composition, which results in a decrease of the total energy of the system.
The morphology is thus different in meta-stable and unstable regions.

Above the spinodal large changes of composition with a sharp phase interface are
necessary for the phase transformation. Under the spinodal, however, every small change
of the composition steadily increases to attain the difference of composition between the
two phases given by the equilibrium phase diagram. At the beginning the differences
between the phases are not sharp and a periodic shape of composition appears.

These mechanisms of phase transformation describe the evolution of the system at
constant temperature and they do not answer the question, when and what metastable
state is formed during rapid changes in temperature.

It is important to make sure that the observed material behaviour is not merely an artefact
of the test method. For instance, liquid flow originating from the gradient of surface
tension along the free surface due to temperature or concentration inhomogeneity (i.e.
Marangoni flow) and/or to different curvature. This effect is weak under normal
conditions and becomes more important in microgravity experiments with a free surface
formed in space or in melt spinning techniques when thin films are formed. For this
reason, in addition to AFM tests, an extensive experiment on the Spin Echo Small Angle
Neutron Scattering spectrometer at the Reactor Institute Delft has been set up. This unique
facility allows for the ‘in bulk’ determination of the particle (size) – particle (size)
correlation function. More details on this work are described in an accompanying paper.

To enable the three-dimensional simulation of phase separation in bitumen, in the
following the governing equations are derived.
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3

Constitutive framework for bituminous healing simulation
3.1

Governing equations of phase separation

To develop the governing equations for the phase-separation model, the general mass
conservation for phase α can be found as
∂ c
ρ α = −∇ ⋅ ( α ρ( α v − v )) = −∇ ⋅ α j
 
∂t


(9)

In this, the term α v − v is the diffusion velocity and the term α ρ( α v − v) is the momentum of
 
 
phase α, which can be represented by the mass diffusion flux α j .

This mass diffusion flux can also be expressed in terms of the gradient of the functional
derivative of the free energy function Ψ
⎛ ∂Ψ ⎞
= −ρ α M ⋅∇ ⎜
⎟



⎝ δαc ⎠
= −ρ α M ⋅∇( α μ )


αj

(10)

in which α μ is the chemical potential of phase α and α M is the diffusional mobility tensor

of phase α in the material.
Replacing Eq. (10) into Eq. (9) gives the governing transport equation
∂ c
ρ α − div ρ α M ⋅∇ α μ = 0

∂t

(

)

(11)

This formulation is also known as the Cahn Hilliard equation. In Cahn–Hilliard-based
models, sharp interfaces are replaced by narrow transition layers (diffuse interfaces) that
result from a competition between the different terms in the energy density
The chemical potential α μ can be written as the functional derivative of the free energy

αμ

=

δΨ
δαc

(12)

The free energy is composed of three terms

Ψ = Ψ0 + Ψ γ + Ψε

(13)
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where Ψ 0 is the configurational free energy, Ψ γ is the surface free energy and Ψ ε is the
strain energy.
Substituting Eq. (13) into Eq. (12) gives

αμ

=

δ Ψ δ Ψ0 δ Ψ γ δ Ψε
=
+
+
δαc δαc δαc δαc

(14)

Using Eq (4), the configurational free energy Ψ 0 can be expressed as

Ψ0 ( α c , β c ,T ) =

n

n

n

∑ ( α c α g + RT α c ln( α c )) + RT ∑ ∑ α c β cX αβ

α= 1

(15)

α= 1 β>α

with the mixing energy expressed as

n

n

H (c ) = ∑ ∑ α c β cX αβ
 α= 1 β>α

(16)

in which X αβ is the Flory Huggins interaction parameter between the phases and can be
found from the solubility parameters of the phases α and β as:
2
V
X αβ = α β δ − α δ
RT

(

)

(17)

in which αV is the molar volume of fraction α c and α δ and β δ are the solubility parameters
of the two fractions. The term α δ2 is also known as the cohesive energy of fraction α.
For a biphasic material, Eq. (15) can be written as

Ψ o ( 1 c , T ) = ( 1 c 1 g + (1 − 1 c ) 2 g ) +

(

+ RT 1 c ln( 1 c ) + RT (1 − 1 c )ln(1 − 1 c ) + RT 1 c (1 − 1 c )X 12

)

(18)

In which the second part of the free energy is often referred to as the chemical free energy
or as the Flory Huggins free energy:
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Ψ FH ( 1 c , T ) = RT 1 c ln( 1 c ) + RT (1 − 1 c )ln(1 − 1 c ) + RT 1 c (1 − 1 c )X 12

(19)

The Flory Huggins interaction parameter X 12 is controlling the shape of the chemical free
energy. For X 12 ≤ 2 it has a single well and results in a single phase. In the case of X 12 > 2 it
is non-convex and has two wells, driving thus the phase separation into two binodal points
(Fig. 13).

The surface free energy Ψ γ was formulated by Cahn and Hilliard as

Ψ γ = κ1∇ 2 α c + κ 2 ∇ α c ⋅∇ α c

(20)

in which κ1 and κ 2 are constants associated with gradients of compositions
The Ψ ε is the Helmholz free energy associated with the deformation of the material and is
elaborately described in many publications [e.g. Holzaphel 2001, Scarpas 2005, Kringos et
al. 2007].

Utilizing the above equations, integrating by parts, applying the divergence theorem and
applying the Galerkin method, allows for a formulation which can be solved in the finite
element method [Kringos 2011]:
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Figure 13: Convex and non-convex shape of Ψ FH depending on X 12
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in which N i are the shape functions and κ =

3.2

2 κ2
λ2

is defined as the Cahn Hilliard parameter.

Simulation of phase rearrangements in the bituminous phase

The equations described in the previous section have been implemented for a bi-phasic
mixture within the framework of the CAPA-3D software platform [Scarpas 2001].
Choosing the solubility parameters and temperature such that a natural phase separation
in the bitumen will occur, the model is capable of simulating the formation of distinct
clusters within the initially homogeneous bitumen, Figure 14, similar as was seen in the
AFM scans.

Cα
t0

t1

t2

Cβ
t3

t4
Figure 14: CAPA-3D simulation of phase separation in bitumen
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t5

The resulting inhomogeneous pattern can be easily brought back to its original, more
homogeneous, structure by changing the temperature back to a convex situation, such as
illustrated in Figure 12. In the model, there are several parameters which need to be
calibrated such as, κ1 and κ 2 which are associated with the kinetic efficiency for the
material to create interfaces, Figure 15, and the parameter λ which is introduced into the
model to avoid the use of higher order elements and which is controlling the thickness of
the interfaces between the phases and is therefore an important parameter in the resulting
crazing and healing cycle. Considering the nanometer scale of the interfaces, this is in fact a
parameter which can only be found from an interactive procedure between the
computational model and the available experimental characterization techniques.

(κ 1 , κ 2 )

Figure 15: The dispersion of phases, controlled by κ1 and κ 2

3.3

Integration of phase behaviour to elasto-visco-plastic constitutive model

Asphalt is known to be a material whose behaviour, depending on strain rate and
temperature, exhibits response characteristics varying anywhere between the elasto-plastic
and the visco-elastic limits. Constitutive models for such types of materials can be
developed by combining the features of purely elasto-plastic and purely visco-elastic
materials to create a more general category of constitutive models termed elasto-viscoplastic.

To define the general frame-work of the energy based constitutive model, the Helmholtz
free energy function is expressed as

ψ = ψ v (Ce ) + ψ p (C∞ , ξ p )

(22)
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in which ψ v (Ce ) is the viscous strain energy function, Ce = FeTFe is the Cauchy-Green strain
tensor, based on the deformation gradient Fe , ψ p (C∞ , ξ) is the plastic free energy function,
C∞ = F∞TF∞ is the Cauchy-Green strain tensor based on the deformation
gradient F∞ and ξ p is the equivalent plastic strain.
From the second law of thermodynamics, the dissipation inequality can be found as

⎡ ∂Ψ
⎤
∂Ψ p
⎡ ∂Ψ
 ⎤−⎢ p :C
 +
S : 21 C − ⎢ v : C
: ξ p ⎥ ≥ 0
e⎥
∞
∂
∂
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C
C
⎥⎦
p
⎣ e
⎦ ⎢⎣ ∞

(23)

where S is the second Piola-Kirchhoff stress tensor. It can be shown that from the above
inequality the stress tensor S can be additively decomposed into the visco-elastic S e and
the elasto-plastic plastic component S∞
S = 2 Fv−1
=

∂Ψ p − T
∂Ψ v − T
Fv + 2 Fp−1
Fp
∂ Ce
∂C∞
Se

+

(24)

S∞

Furthermore, the following inequalities are obtained

2 Fe

2 F∞

∂Ψ v T − T
Fe Fe : Fe lv ≥ 0
∂ Ce

∂Ψ p T − T
∂Ψ p
F∞ F∞ : F∞ l p −
ξ p ≥ 0
∂ξ p

∂ C∞

(25)

(26)

To allow for the healing capacity of the material, as was discussed in the previous section,
Eq. (26) can be modified with an additional term as:

2 F∞

∂Ψ p T − T
∂Ψ p
∂Ψ p
F∞ F∞ : F∞ l p −
ξ p +
ξ h ≥ 0
∂ C∞
∂ξ p
∂ξh

In which the plastic free energy function Ψ p has now, in addition to strain and plastic
hardening, also an extra intrinsic parameter ξh which is named the “equivalent healing
parameter”:
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(27)

Ψ p = Ψ p (C∞ , ξ p , ξh (φi ))

(28)

This equivalent healing parameter must be a function of all the healing related
properties φi discussed in the previous sections, such as, among others, the number of
clusters, the thickness of the interfaces, the rate of phase movement and the level of
oxidation of the material. To demonstrate the capability of this model, the modified elastovisco-plastic constitutive model is used in a simulation of a three-point-bending test,
Figure 16.

In the simulation, the beam is first pushed down 40 mm and then pulled back up 20 mm.
After this, the beam is pushed back into a “zero stress” situation. At this stage the beam is
allowed to “rest” to allow for the micro-scale reorientation of the material that causes
healing. After this rest period, the beam is pushed down again. In the case of the beam in
which the healing model has not been activated, it takes a considerable lower force to push
the beam back to its displacement from the previous loading cycles. This shows that the
material has accumulated permanent damage and is weakened. In the case of the beam
which did have the healing model active, the material seems to have lost its memory of the
previous loading cycle, and the beam behaves as though no damage was induced.

4

Continuation of the research
In this paper the concept and general formulation of the multi-scale model for simulating
of the mechanism of healing in bituminous materials has been discussed. The paper has
given an overview of the theory behind the developed model and has shown some of the
governing equations. In the continuation of this research the material parameters on nanoand micro-scale as discussed in this paper will be further determined. As more
experimental data will become available, the healing functions as described in the beamsimulation will become better defined and, in the outset, should become available to be
used in the production and design process of asphaltic pavements.

The main objective of the final model will be to enable a more accurate prediction of the
healing capacity of bitumen, based on the physico-chemical parameters which can be
determined in the lab. This will assist bitumen manufacturers as well as pavement
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engineers to make a better choice for their bitumen blends to ensure better long-term
performance of the asphaltic mixes.
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Figure 16: Simulation of healing versus non-healing asphalt beam
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