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Abstract

Roads are subjected to mechanical loads from the traffic as well as
deteriorating mechanisms originating from the surrounding
environment and climate. The damage arising is particularly severe
during the winter season, when for example raveling, pot holes and
cracks can emerge on the surfaces of asphaltic roads. These winter
related damages are difficult to characterize and predict, partly due to
the complexity of the asphalt material and partly since they cannot be
linked to one single phenomenon but several, such as the (long term)
existence of moisture, frost damage and frost heave, low temperature
cracking and the embrittlement of the mastic at low temperatures.
Further adding to the complexity is the combination of these
phenomena which may accelerate the emergence and evolution of the
damage mechanisms. This licentiate research project is mainly
focusing on the emergence and development of frost damage in the
asphalt layer but will include the effect of other damage mechanisms
in its continuation. The goal of the project is to develop a multiscale
model able to predict the damage development in an asphalt pavement
during a desired period of time, to enhance maintenance predictions
as well as pavement design choices. This licentiate thesis is the first
part of this project and aims to lay the foundation of the multiscale
model. To achieve this, a micromechanical model of frost damage in
asphalt mixtures has been developed. This model couples the moisture
and mechanical damage happening on the short and long term, caused
by the infiltration of moisture and the expansion of water turning into
ice during temperature drops. Both possible adhesive damage in the
mastic-aggregate interface and cohesive damage in the mastic is
included. In addition to the developed micromechanical model, this
thesis presents the overall concept for the formulation of the
multiscale model as well as discusses about its motivations and
advantages.






Sammanfattning

Viagar utsitts bade for mekaniska laster fran trafiken som kor pa viagen
samt for nedbrytande mekanismer hiarstammande fréan den
omgivande miljon och klimatet. Skadorna som uppstar ar sarskilt
stora under vintern, da till exempel stenslapp, potthal och sprickor kan
uppsta pa ytan av asfalterade viagar. Dessa vinterrelaterade skador ar
svara att karakterisera och forutsiga, delvis pa grund av det komplexa
beteendet hos asfalt och delvis eftersom de inte harstammar fran
enbart ett fenomen utan flera, sisom existensen av fukt i asfalten (pa
lang sikt), frostskador, tjallyft, sprickbildning pd grund av lag
temperatur samt forsprodningen av asfalt som sker vid laga
temperaturer. Vidare paverkar dessa skademekanismer varandra
vilket kan accelerera skadebildningen och utvecklingen, vilket
ytterligare Okar komplexiteten. Detta licentiatforskningsprojekt
fokuserar till storsta delen pa uppkomsten och utvecklingen av
frostskador men kommer &dven inkludera effekten av andra
skademekanismer i dess fortsittning. Mélet med detta
forskningsprojekt ar att utveckla en multiskalemodell som kan
forutspa skadeutvecklingen i en asfaltsvig under en Onskad
tidsperiod, for att forbattra bade underhallsprognoser samt designval.
Denna licentiatuppsats ar den forsta delen i detta projekt och syftar till
att lagga grunden till multiskalemodellen. For att uppna detta har en
mikromekanisk modell av frostskador i asfalt utvecklats. Denna
modell kopplar ihop fuktskadan och den mekaniska skadan som sker
bade pa kort och lang sikt, orsakad av infiltrationen av fukt och
expansionen av vatten som omvandlas till is vid sjunkande
temperatur. Modellen inkluderar de mojliga skadorna som uppstar i
bade mastics och gransskiktet mellan mastics och stenmaterialet.
Utover den utvecklade mikromekaniska modellen presenterar denna
uppsats det oOvergripande Kkonceptet for formuleringen av
multiskalemodellen samt diskuterar dess motivering och fordelar.
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Chapter 1

Introduction

Throughout the service life of an asphalt pavement, it is subjected to
different types of distresses originating from sources such as
mechanical loads from the traffic and deteriorating mechanisms
originating from the surrounding environment. The deterioration of
the structure is especially severe during the winter and early spring
season when damage in the form of for instance potholes, dislodging
of stones, and layer separation can arise. These winter related damages
can be caused by several different phenomena, or a combination of
them, which are active on different time scales as well as are
interdependent. This makes it difficult to characterize and predict the
emergence and development of the deterioration. Many of the visual
forms of damage that arise during and after the winter season can be
related to the long term presence of moisture in the pavement, which
may generate a slow degradation of the individual material properties,
thus making the asphalt more susceptible to damage. If there is still
moisture inside the asphalt mixture when the temperature drops
below zero, it may contribute further to the damage by the expansion
occurring when it freezes to ice, a phenomenon commonly referred to
as frost damage. On a structural scale, the freezing and thawing of
moisture trapped in the lower layers of the pavement could lead to
frost heave, often resulting in visual cracks in the center of the
pavement surfacing. Additionally, low temperatures increase the
damage in the mixture as bitumen (and mastic) is more brittle and
incapable of absorbing energy, and thereby more prone to fracturing.
Low temperature may also cause the asphalt to shrink, creating what
is known as low temperature cracking. Furthermore, in order to
ensure safe driving conditions, a number of winter related
maintenance actions are performed during the winter season. Among
these are the application of deicing and anti-icing additives on the
surface of the pavement as well as the use of snow plows. Though these
actions give a short term result of a clean and less slippery surface,
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they may in the end contribute to the long term damage within the
pavement. For instance, deicing additives such as salt can give a
chemical degradation in the asphalt and additional damage can be
caused by the high shear stresses arising if snow plows come in contact
with the pavement surface. Finally, cars and trucks driving over the
pavement also cause varying stresses within the pavement and,
depending on the loads and frequency, may contribute to the resulting
damage.

The complexity of characterizing and predicting the damage evolution,
complicates the procedure of reducing and ultimately preventing
damage to arise. A first step towards this characterization and
prediction is to identify the most dominant parameters, regarding
both structure and material, in the process of damage development.
Current test methods, although fully capable of indicating damage
development within the specific specimen, are commonly constructed
in such a way that the stress field is so complex that the conclusions
drawn from these tests will be geometry dependent and may thus lead
to faulty conclusions. Environmental conditioning further increases
the complexity of the tests such that direct conclusions about the final
behavior of the pavement are often difficult to make. Even conclusions
about material or design choices may be erroneous due to this.
Reducing pavement damage based on these types of tests is therefore
problematic. Due to the complexity of the different damage
mechanisms, both regarding their active time scales and the effect of
their combination, it is important to not only rely on such structural
tests. Instead, it is important to identify the most dominant
mechanisms and parameters that have the greatest influence on the
process of damage evolution as well as characterize the material under
relevant conditions.

Furthermore, the current test methods, and also design methods, are
largely based on empirical knowledge regarding the current
environmental and traffic loading conditions. With the climate change
taking place, the environmental conditions surrounding the
pavements may change. Thus, the modes and amount of damage
arising due to the environment may also change. Additionally, the fast
development in technology related to driving, e.g. autonomous
vehicles, will change the driving pattern on the pavement and thereby
also the traffic loads that the pavements are subjected to. In short, it is
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of paramount importance that the current design and testing methods
are updated and adapted so that they are suitable for the future
challenges within the transportation infrastructure.

The ultimate goal of this research project is to develop a tool that is
able to predict the damage development in asphalt pavements during
a desired period of time, e.g. a couple of years, based on the most
dominant parameters. Such a tool could assist pavement engineers as
well as road authorities with planning of winter maintenance,
updating the current design guides, and in choosing the appropriate
material. In order to accurately predict the damage development in the
pavement on a structural scale due to the different mechanical and
environmental loads, it is vital to know how the material components
and their bonds react to these loads on a microstructural level. To
achieve this, a multiscale model is to be developed that couple the
pavement scale behavior to the microscale behavior.

Although all of the previously mentioned damage mechanisms are
important for the resulting damage, this research project has its main
focus on the frost damage developing in the asphalt layer. However,
since the other damage mechanisms occur during the same period of
the year and thus accelerates the frost damage development, they
cannot be disregarded. Due to this, their effect on the emergence and
propagation of frost damage will be accounted for in the multiscale
model.

1.1 The aim of the thesis

This licentiate thesis aims to lay the foundation needed to reach the
ultimate goal of the doctoral project to develop a tool able to accurately
predict the damage development in asphaltic pavements caused
during winter. This includes developing the first part of the multiscale
model, a micromechanical model able to simulate the frost damage in
asphaltic pavements. Also included in this thesis is the identification
and description of the different damage mechanisms. Finally, this
thesis aims to identify and outline the most important steps of the
multiscale model, which is to be developed in the continuation of the
project.
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1.2 Outline of the thesis

After this introductory chapter, this thesis continues by giving a
summary of some of the different damage mechanisms associated with
winter damage as well as discussing their combined effect in Chapter
2. Chapter 3 is focusing on the modeling of frost damage and includes
an overview of already existing models, a discussion about the
principle of the multiscale framework which is to be developed, and
finally a description of a micromechanical model of frost damage in
asphalt which has been developed. Following this, in Chapter 4 a
discussion is given on how a modular form will aid the multiscale
model and why it is possible to do so. A summary of the most
important results obtained from the appended papers is then given in
Chapter 5. Chapter 6 concludes this thesis by giving the main
conclusions of the thesis as well as an outline of the future work that
will be done within the project.
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Chapter 2

Damage mechanisms

Damage occurring in pavements during and after the winter season
can be attributed to many different mechanisms, which are
interdependent as well as influenced by the environmental and
mechanical loading history of the pavement. This chapter offers a brief
overview of some of the main mechanisms as well as a discussion
about their combined effect.

2.1 Moisture damage

Moisture has been identified to be one of the major contributors to the
deterioration of asphalt pavements, not only during the winter but
throughout the entire year. Cracks, rutting, raveling and stripping are
some examples of how moisture damage may manifest itself.

Moisture damage does not consist of one single mechanism but a
number of different ones. Similarly to the mechanisms related to
winter damage, these may all accelerate the other damage mechanisms
related to moisture. One of these moisture related damage
mechanisms is the diffusion of moisture through the asphalt mixture.
When the asphalt mixture is subjected to moisture, moisture may
diffuse through the mastic towards the aggregates, where it will begin
to cause stripping at the mastic-aggregate interface (Kringos et al.
2008b). Close to the surface, diffusion may also cause emulsification
of water and bitumen, ultimately deteriorating the material properties
(Varveri et al. 2015).

In more open graded asphalt mixtures, the flow of moisture through
interconnected air voids may also contribute to damage through an
erosion of mastic particles from the walls of the air voids (Kringos et
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al. 2008b). Furthermore, in asphalt mixtures with less interconnected
air voids, or open structures that are fully saturated with moisture, the
fast passing of traffic over the pavement can cause a pumping action
inside the pavement due to the ‘trapped’ moisture inside air voids.
These local pressures can be quite high, and when repetitive, subject
the walls of the air voids to additional local damage (Kringos et al.
2008b). The different moisture damage mechanisms are illustrated in
Figure 1.

a) b) c)

Figure 1. lllustrations of a) moisture diffusion towards the interface, b) erosion of mastic
particles, and c) pressure due to traffic.

2.2 Low temperature cracking

Low temperature cracking, also known as thermal cracking, is
commonly referred to as one of the dominant sources of distress in
asphalt pavements related to winter conditions (Das et al. 2013,
Behnia et al. 2017, Liu et al. 2017). As the air temperature drops, the
asphalt will start to contract. This contraction causes tensile stresses
to arise due to the confinement of the pavement in the longitudinal
direction of the pavement. Once the tensile stresses exceed the tensile
strength of the asphalt, which may occur after several or even only one
drop in temperature, a crack will start to form transverse to the
pavement. Considering that the change of temperature and thus the
thermal stresses are highest at the surface of the pavement, the crack
most commonly forms there and thereafter propagate downwards.
This propagation may be further accelerated by continuing drops in
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temperature as well as the load from the traffic. The mechanism of low
temperature cracking is illustrated in Figure 2.

L

a) b)

Figure 2. An illustration of the low temperature cracking mechanism.

2.3 Frost

Frost action in the pavement can take two forms; frost damage
occurring in the asphalt layers, and frost heave in the bottom layers of
the pavement.

2.3.1 Frost damage

Frost damage occurs when fluid moisture trapped inside the asphalt
freezes and becomes, in its solid state, ice. Due to the difference in
density between water (1000 kg/m3) and ice (900 kg/m3), the
material expands during the freezing, thus subjecting the asphalt
material surrounding it to extra stresses, resulting in strains. During
the thawing period, the damage may be accelerated further due to the
melting of ice which changes the load bearing capacity of the material
and the traffic driving over the weakened asphalt. The process of frost
damage is illustrated in Figure 3.

One of the most important factors regarding the frost damage
evolution is the number of freeze-thaw cycles, which has been shown
to progressively increase the damage (Feng et al. 2010, Xu et al. 2015,
Luo et al. 2017, Pan et al. 2017). Frost damage has been shown to affect
several material properties of the asphalt such as the complex —and
resilient modulus (Si et al. 2014, Lamothe et al. 2017), compressive
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strength (Si et al. 2014), and indirect tensile strength (Feng et al.
2010). In addition to the material becoming weaker as the mixture is
damaging, the material will become more porous due to the cracks that
are forming. This leads to an enhanced moisture susceptibility and
thus a further increased damage potential. With a higher amount of
water inside the asphalt, the expansion and its resulting damage will
increase accordingly. Due to this dependency of the amount of
moisture inside the asphalt, the depth and severity of the frost damage
largely depends on the asphalt layer microstructure (i.e. the amount of
air voids) and on its structural integrity (i.e. potential cracks and/or
potholes). For instance, an open graded asphalt with a high amount of
interconnected air voids should allow the water to flow through the
material and thus limiting the possible frost damage. However, these
types of structures may get clogged unless properly cleaned and the
water will then be trapped inside the air voids, resulting in higher
stresses caused by the ice expansion and thus an accelerated damage
process.

a) b) ¢)

Figure 3. An illustration of how the process of frost damage may take place, with a) the
presence of moisture inside the air void, b) the expansion occurring when the water freezes
to ice, and c) the acceleration of visual damage due to traffic.

2.3.2 Frost heave

Frost heave, while the process is similar to the one causing frost
damage, originates in the soil of the bottom layers of the pavement and
not in the asphalt layers. The damage is caused by two different but
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related mechanisms, of which the first is the actual heaving. This
heaving occurs if water in the air voids of the soil, from e.g.
groundwater table or infiltration, is subjected to freezing
temperatures. The ice lenses that form inside the soil then grow due to
capillary rise where the ice lenses attract water from adjacent air voids
which then also freezes and adds to the ice lens. As the ice lenses grow
upwards, the layers above will move upwards in a heaving motion,
resulting in potential cracking of the pavement. Depending on factors
such as the uniformity of the material and access to water, the heaving
may be uniform or non-uniform. Figure 4 shows an illustration of the
mechanism of frost heave.

Frozen subgrade

Frozen subgrade

Frozen subgrade

Unfrozen subgrade Unfrozen subgrade Unfrozen subgrade

a) c)

Figure 4. An illustration of the process of frost heave.

The second mechanism, known as thaw weakening, occurs once the
ice lenses begin to melt. As the soil cannot drain the melted water
directly, the water stays within the soil and thus weakens the structure.
The drainage is especially poor if the thawing moves from the surface
and downwards, such that the ice in the lower parts prevents the
melted water from draining downwards.

2.4 Winter maintenance

Winter maintenance, in the form of snow and ice removal is essential
to ensure safe driving conditions on the roads. Deicers may even
decrease the frost damage on the surface of the pavement as it lowers
the freezing point and thus removes potential freeze-thaw cycles
occurring at temperatures close to 0°C. However, as the deicers do not



Damage mechanisms | 10

remain at the surface but infiltrate the pavement they can affect the
material and structural properties. This deterioration may happen
due to swelling of the bitumen, caused by the difference in density
between the bitumen and deicing agent, emulsification, phase
separation and chemical reactions (Ekblad and Edwards 2008). The
effect of the deicers show itself by e.g. a decrease of stiffness and an
increased risk of stripping and weight loss (Hassan et al. 2002, Starck
and Lofgren 2007, Malawski 2018). The magnitude of the damage
caused depends both on type of materials in the pavement and type of
deicer (Hassan et al. 2002, Starck and Lofgren 2007).

Furthermore, while snow plows should keep the blade a few
centimeters above the surface of the pavement in order to not damage
it, this is not always possible. Uneven pavements, originating from e.g.
frost heave, may cause the blade to scrape the surface. Additionally,
drops of the blade as well as inexperienced drivers not adjusting the
gap between the blade and pavement surface, may also contribute to
high (shear) loads on the surface which in the end leads to damage.

2.5 Combined effect

Although all of the mentioned damage mechanisms can be significant
on their own, each of them may accelerate the propagation of the
others. For example, the infiltration of moisture deteriorates the
strength of the material, thus making it more prone to other damage
mechanisms. In turn, cracks forming due to temperature changes
increases the risk of additional moisture damage and as well as frost
damage since a higher quantity of moisture is able to infiltrate the
asphalt. Due to this, the consequence of a damage mechanism will, due
to it being amplified by the coupling to other mechanisms, be higher
than if only that mechanism is singled out. During the design of a
pavement it is therefore vital to, if not including all of the damage
mechanisms in the design process, at least account for the combined
effect that several damage mechanisms may give.
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Experimental testing of damage caused by a combination of damage
mechanisms can quickly become increasingly complicated with the
number of mechanisms included as well as the time scales involved.
For instance, realistic testing of moisture damage is practically
impossible since this would require an extensive amount of time, e.g.
one year, for the moisture conditioning to truly represent the physical
process. Modeling of these combined damage effects is therefore
desirable in order to properly design against the damage occurring
during winter. Some models already exist which aims to couple certain
mechanisms. For instance, Caro et al. (2010) coupled the detrimental
effect of the moisture on the mechanical behavior, and thus resulting
damage, by exponentially decreasing the material properties of the
mastic and mastic-aggregate interface depending on the saturation of
the moisture in the materials. Coupling of moisture and mechanical
damage have also been performed by using an effective damage
variable which is multiplicatively dependent on both the moisture and
mechanical damage variables (Kringos et al. 2008a, Shakiba et al.
2014). These models did however not focus on the damage during
winter and did therefore not account for frost damage or any other
types of winter related damages. There is therefore a need for a model
considering the combined effect of several of these winter related
damage mechanisms.
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Chapter 3

Modeling of frost damage in asphalt

This chapter begins with a short review of the currently existing
models regarding frost damage in asphalt. Thereafter, the principle of
the multiscale model, which is the end goal of the entire project, is
presented and discussed. Finally, a micromechanical model, coupling
the infiltration of moisture, the expansion occurring when moisture
trapped inside the asphalt freezes to ice, and the damage this causes,
which has been developed is also presented.

3.1 A brief review on the state-of-the-art of
modeling frost damage in asphalt

Until now, only a few models have been developed that regards the
frost action and related damage occurring in asphalt materials due to
freeze-thaw cycles. Yi et al. (2014) used an indirect approach where a
viscoelastic-plastic material model together with a Weibull
distribution damage function was applied for a porous asphalt
material subjected to freeze-thaw cycles. A more direct approach was
made by Kringos and Liu (2004) who modeled the volumetric strain
occurring on a mixture scale due to the freezing and incorporated the
damage through a Hoffman type fracture criterion. Vu et al. (2018)
also modeled the swelling of an asphalt mixture during freezing,
together with the temperature expansion, by a viscoelastic model.
However, no damage was included in this model. A micromechanical
model was developed by Varveri et al. (2014) which includes both the
expansion due to freezing and the associated cohesive damage in the
binder through an energy based damage model. By not including the
adhesive damage in the model however, the predicted damage may be
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underestimated as well as not indicating the risk of stripping and
raveling of aggregates.

3.2 The multiscale model

The ultimate goal of this research project, to develop a tool that is able
to predict the emergence and development of damage in an asphalt
pavement during winter, is thought to be reached by creating a
multiscale model. The damage prediction should be based on the
current state of the road as well as environmental and traffic
circumstances on the road. The final prediction of damage should
naturally be for the whole pavement, including effects occurring on a
structural scale e.g. frost heave. However, due to the complexity of the
damage mechanisms as well as the asphalt material, the actions
happening on a microscale are important to consider. This makes it
vital to base the predictions on how the different material components
behave and interact through their bonds and how they react to the
different loads and environmental circumstances. The results from the
microscale will then control the behavior and damage evolution at the
larger scale model of the pavement. The model will thus be able to give
a more detailed and accurate prediction of the damage and how it
affects the structural behavior of the pavement.

In order to prevent damage from arising in pavements, it is vital to
know exactly what causes it. For complex problems such as damage
development in asphalt mixtures during the winter season however, it
is difficult to identify what the specific cause to an emerging damage
is. Furthermore, while all the different damage mechanisms might be
present in the road, they may not be dominant at certain climate
conditions or time scales and consequently only contribute a negligible
amount to the final damage. Due to this, it is important to identify
which processes and parameters that have the largest influence on the
damage.

The identification of the dominant processes will in this project be
made by uncoupling the already mentioned mechanisms, thus
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simplifying the problem. In addition to aiding in this identification,
the uncoupling of damage mechanisms into different modules will
enable evaluations of the contributions of different mechanisms at
relevant time scales as well as the relevant parameters for each
mechanism. A more extensive discussion about the motivation and
benefits of a modular model can be found in Chapter 4. The idea for
the multiscale model is illustrated in Figure 5.

Deterioration

LA I .

June December July

a) b) c)

Figure 5. The idea for the multiscale model, with a) the decomposition of the damage
mechanisms, which b) gives the behavior and damage of the material components, and c) the
final prediction of the damage and behavior of the pavement.

3.3 A micromechanical model of frost damage

The first part of the multiscale model, i.e. the micromechanical model,
has been developed as a part of this licentiate research project. Two
different winter related damage mechanisms occurring on the
microscale in an asphalt pavement are taken into account; moisture
damage and frost damage. The moisture damage is dependent on the
amount of moisture which has infiltrated the mastic and mastic-
aggregate interface. Infiltration of moisture is included through
diffusion. Additionally, the temperature controls the properties of the
air voids and thus the expansion that occurs if the temperature drops,
which causes the frost damage. The modeled damage (both moisture-
and frost dependent) includes both adhesive damage in the mastic-
aggregate interface, and cohesive damage occurring inside the mastic
itself. An illustration of the different parts of the model is shown in
Figure 6.
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Temperature
dependent strain

Diffusion

Mechanical
damage

Moisture
damage

Total damage

Change of material
properties

Figure 6. A flow chart of the main features of the micromechanical model.

This model requires an asphalt microstructure consisting of three
material phases; mastic, aggregates and air voids. An example of such
a microstructure is shown in Figure 7. The model considers the mastic
to be temperature dependent viscoelastic, the aggregates to be linear
elastic, and the air voids (filled with moisture or ice) to be linear elastic
with temperature dependent properties.

60 mm
55

6o mm
55

50

a) b)

Figure 7. An example of a microstructure required for the use of the model including a) the
entire microstructure, b) the aggregates, c) the mastic, and d) the air voids.

Hereafter, a brief description of the different parts of the developed
micromechanical model will be given. A more detailed presentation
can be found in Paper I. In the following text, the notations A and A
represents scalar and second order tensors, respectively, and the
symbol tr() is the trace of second order tensors.
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3.3.1 Infiltration of moisture

The transportation of moisture in an asphalt pavement can in reality
happen by a number of different transportation modes, for example
flow through the air void system and diffusion through the material
components. For a fluid flow to occur through the asphalt, a more open
graded structure with an interconnected air void system is required.
In Sweden, these types of asphalt mixtures are commonly not used,
mainly due the high need of maintenance that would be required.
Additionally, considering that the main focus of the project is frost
damage, long term moisture damage in the form of diffusion would be
a larger problem than the short term damage by erosion. Due to this,
the model only accounts for the infiltration, and therefore also
damage, through diffusion, thus neglecting all other possible modes of
transportation. To model the diffusion, Fick’s 2nd law of diffusion is
used according to

ac d%c

pral el @

where ¢ is the concentration of moisture, t is the time and D the
diffusion coefficient, in this model treated as a scalar. In order to
simplify the other steps in the model, a normalized concentration is
used
c
6= ) (2)

Cm ax

where ¢4, is the maximum concentration possible in the air voids.
Inserting Eq. (2) into Eq. (1) then gives

00 926

E:Dale (3)

Considering that the maximum concentrations of moisture in the
mastic and the air voids are not equal, but should be calculated at the
same time, a relation between both materials needs to be established.
Due to this, it is assumed that the maximum concentration of moisture
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in the mastic is 0.01% of the maximum concentration of moisture in
the air voids. Since the concentration is always calculated from the
normalized concentration in the air voids, this means that the
maximum normalized concentration possible in the mastic is
gmastic = 0,0001. When the transportation of moisture goes from the
air voids into the mastic, it is assumed that the moisture concentration
in the air voids remains constant due to the negligible amount that is
possible to diffuse into the mastic. While this limit has been assumed
during the current stage of the modeling, it can easily be changed in
the model to adapt to future needs.

3.3.2 Ice expansion

In the model, the air voids are always treated as one single material no
matter if they should be empty, filled with moisture or with ice. The
only thing changing in the different stages of a simulation is the
material properties, which are temperature dependent. Consequently,
the stress in the air voids should remain at zero during the freezing
process when the air voids expands, assuming no other loads exist at
the moment, and can therefore be described utilizing the formulation
in Kringos and Liu (2004),

g = (K - %G) (tr(&) — k|AT| — g4)I + 26, (4)

where K and G are the bulk and shear modulus of the ice, tr(&) the
volumetric strain, k the thermal expansion coefficient of ice, T the
temperature, ¢, the phase change strain, I the identity matrix, and &
the strain. Considering the small thermal expansion coefficient of ice,
50e% K, any strain caused by a change in temperature would be
negligibly small in comparison to the phase change strain caused by
the change in density when water freezes to ice, 0.09. The expansion
occurring during freezing is in this model assumed to be purely
volumetric, such that the shear modulus can be neglected. As
previously mentioned, the material properties of the ice are
temperature dependent, which in Eq. (4) now includes the bulk



Modeling of frost damage in asphalt | 19

modulus and the phase change strain. Eq. (4) can thereby be rewritten
as

g = K(D)[tr(&) — ep(D]I, (5)
where
Kice(T) — Kice . % (6)
0
ep(T) = €4 ° (;z : ? : )

Eq. (5) currently only holds for fully moisture saturated air voids. For
partially saturated air voids the moisture will firstly expand into the
still air filled parts of the air void before beginning to put pressure on
the walls of the air void.

3.3.3 Damage

This model considers both cohesive damage occurring inside the
mastic and adhesive damage in the interface between the mastic and
the aggregates. To account for the damage, a continuum damage
approach based on the formulation by Kachanov (1986) using the
concept of effective stress is applied according to

5=6(1-d), 0<d<1l, 8

where G is the effective stress and d is the total damage variable. A
damage variable of 0 means that the material is undamaged and a
damage variable of 1 that the material is fully damaged such that it
does not have any load carrying capacity. The total damage is in this
model dependent on two damage mechanisms, moisture damage and
mechanical damage. In order to obtain the total damage, these need to
be coupled. This model uses a multiplicative coupling which has
previously been used in e.g. Kringos et al. (2008a),
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where dg and dyare the moisture and mechanical damage
respectively. Eq. (8) then becomes

3.3.3.1 Moisture damage

A moisture damage variable dependent on the moisture content in the
material is introduced to account for the strength degradation that the
existence of moisture inside the asphalt has,

dg = f(6), 0<dg<1, (11)

which must fulfill the following requirement

dg =0 =0
{9 (12)

dg =1 =1

The evolution of the moisture-induced damage is described by
following the formulation in Kringos (2007)

ddyg age /0 .
52 6, (13)
ot 26
where t is the time and a4 is the moisture susceptibility of the material.
In this model, this evolution of moisture damage is assumed for both

the cohesive damage and the adhesive damage, such that dgy could be
either d'%st or d .

3.3.3.2 Cohesive mechanical damage

Contrary to the moisture induced damage, the modelling of the
adhesive and cohesive mechanical damage uses two different
approaches. For the cohesive damage in the mastic an energy based
damage model, based on the work in Balieu and Kringos (2015), is
used. The damage variable
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d{()nastic — f(Fd), 0< d{bnastic <0, (14)
is dependent on a damage surface, which is described by
Fi=Y-Y,—Y¢=0, (15)

where Yis the thermodynamic force conjugated to the damage
variable djj®*, Y, the threshold for damage initiation and Y¢ the
hardening function. The thermodynamic conjugate force is given by

oy
Y= ad$a5tic ’ (16)

where 1 is the strain energy. To model the damage evolution a Norton-
type power law function is used according to

admastic d
v (F_)Nd, (17)
Jt K

where K¢ and N¢ are material parameters.

3.3.3.3 Adhesive mechanical damage

In order to model the adhesive mechanical damage in the mastic-
aggregate interface, the Cohesive Zone Model (CZM) is utilized. A
damage variable is thus introduced according to

dj =f@, 0<dj <1, (18)

where u is the displacement. The failure initiation displacement and
the failure displacement are described by

Oic
Ui =77 (19)
14
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where i can represent either mode I (tension) or II (shear), o is the
critical stress, K; the stiffness of the interface, and G;; the energy
release rate. A linear damage behavior is used according to

aYf = ﬁ(u) (21)

u \uf — U

Figure 8 shows the graphical representation of the cohesive zone
model used in the model.

Figure 8. An illustration of the cohesive zone model.
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Chapter 4

Modular separation of damage mechanisms

As discussed in Chapter 3, the multiscale model, which is the ultimate
goal of this project, should be constructed in a smart modular manner
in order to enable the identification of dominant parameters at the
relevant time scales. This means that the different damage
mechanisms will be separated into different modules such that each of
them may be evaluated by itself. However, since the different damage
mechanisms affect and accelerate each other, it is vital to firstly
evaluate the extent of this effect and to be certain of which of the
mechanisms that are dominant for the pavement under consideration.
This chapter will continue with a discussion about why it is possible
and important to separate the individual damage mechanisms and
how this will aid both the project and the end user.

4.1 Motivation for and benefits of the separation
of damage mechanisms

The state owned road network in Sweden consists of 80 100 km of
asphalt paved roads, out of which 2 145 km are highways (Trafikverket
2018). Due to the different climate conditions as well as type of traffic
and need of winter maintenance, these pavements cannot be assumed
to be subjected to the same type of loads or damage. For instance,
while the northern parts of Sweden commonly experience longer
periods with cold(er) temperatures, the southern parts have fewer
days with freezing temperatures and instead experience more rainy
days. Since the different pavements are subjected to different types of
climate related loads, some of the damage mechanisms may not be
present or at least have such a small effect on the resulting damage
that they can be neglected. Additionally, the ongoing climate change
may give new and even more complex climate conditions in the future.
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This thus creates the need for the model to be adaptable in order to
accurately predict the damage at different climate conditions.

Furthermore, even if all the damage mechanisms are present in the
considered pavement, they may not be present at the same period, e.g.
the diffusion of moisture and thus moisture damage will not be active
during the same time as the frost damage or low temperature cracking.
To achieve an accurate prediction for all pavements, the identification
of dominant mechanisms is vital. This identification is difficult, if not
impossible, to make through the use of only experimental tests due to
the complexity and combination of the damage mechanisms that are
usually present. Separation of the damage mechanisms into modules
however enables parametric studies of each case and thus
identification of which mechanisms are the most dominant at different
conditions.

Another important factor to consider is the time scale during which a
certain event or damage mechanism happens. Many of the damage
mechanisms mentioned in this thesis occur on entirely different time
scales. For instance, diffusion of moisture is a particularly slow process
which would happen on the time scale of weeks to months depending
on the material properties, their ageing and the continuous availability
of moisture within the environment. Raveling of stones from the
asphaltic mix due to the shear loads from the traffic and snow plows
however may occur in less than a second if the bond is deteriorated
enough. This creates a need for the damage mechanisms to be
considered at their relevant time scale. The separation of the damage
mechanisms enables the correct treatment of the different
mechanisms as well as a better control of how they are connected to
each other in the model. In the end, this will enable a better prediction
of the long term performance.

Apart from these major motivations and benefits, a modular
separation of the damage mechanisms will also limit the number of
parameters needed to calibrate for the model by being able to identify
which ones are of greatest importance to the resulting damage as well
as save computational time.
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Chapter 5
Summary of results from the appended

papers

Paper I aimed to investigate how frost damage is affected by different
weather conditions. In this paper, an early version of the
micromechanical model presented in this thesis was used. A 2-
dimensional simplified microstructure, consisting of one aggregate,
two air voids filled with water/ice and mastic, was used in order to get
a better understanding of what transpires in the different material
phases. Three extreme years were identified based on real weather
data and the simplified temperature curves, as depicted in Figure o,
were applied to the microstructure.
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Figure 9. The temperature curves used in Paper .

The results showed that ‘year A’, which experienced the longest time
when the ice was fully expanded, displayed the largest damage of the
three cases even though it was subjected to the least number of freeze-
thaw cycles, as seen in Figure 10. From this, it was concluded that not
only the number of freeze-thaw cycles but also the duration of which
the asphalt is frozen affects the resulting damage. In addition, the
formulation of the multiscale framework was presented and discussed.
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Year A Year B Year C

Figure 10. The resulting cohesive damage from the simulations in Paper I.

In Paper II, the work from Paper I was further developed by using a 2-
dimensional microstructure including more aggregates and air voids,
in addition to the mastic. Two realistic temperature curves
representing two winter seasons, based on real measured data from
those two years, were used to simulate how the evolution of frost
damage may look like during two consecutive years. The used
temperature curves are shown in Figure 11. A pressure was applied on
top of the microstructure to simulate an accumulated traffic load
during the entire simulation.
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Figure 11. The simulated temperature curve for the winter period of a) 2012-2013 and b)
2013-2014.

The cohesive damage was shown to increase during both years due to
the number of freeze-thaw cycles, the duration of freezing and the
accumulated traffic load. An evaluation of how the damage affected the
asphalt microstructure was made by measuring the displacement of
the top surface after each freeze-thaw cycle. The evolution of the
displacement is shown in Figure 12.
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Figure 12. The measured displacement of the top surface after each freeze-thaw cycle during
the two simulated years in Paper II.

In Paper III, the finalized version of the micromechanical model was
presented. In order to show the capabilities of the model, two
parameters known to affect the evolution of frost damage, the amount
of air voids and the number of freeze-thaw cycles, were investigated.
Two differently graded 3-dimensional microstructures based on scans
of real asphalt cores were used for the simulations. Both the adhesive
and cohesive damage were shown to increase with the number of
freeze-thaw cycles, as seen in Figure 13 and Figure 14 for the case of
the open graded microstructure.
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0

Figure 13. The resulting adhesive damage evolution from the simulations in Paper I11.
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Figure 14. The resulting cohesive damage evolution from the simulations in Paper I11.

Additionally, the open graded microstructure showed a larger increase
of damage after each cycle in comparison to the dense graded
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microstructure. The effect of the damage on the structural properties
was shown by evaluating the effective stiffness after each simulated
cycle (Figure 15). The open graded microstructure showcased a larger
reduction of stiffness than the dense graded microstructure. It was
concluded that the model is able to capture an increasing frost damage
both due to the number of freeze-thaw cycles and the amount of air
voids.
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Figure 15. Comparison between the decrease of effective stiffness after each simulated
freeze-thaw cycle for the dense and open graded microstructures in Paper IlI.

Additionally, the conclusion drawn from Paper I about the influence
of the duration of freezing on the resulting damage was further
investigated in this paper. The results showed that a longer freezing
time does give a higher damage and thus a larger decrease of the
effective stiffness.
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Figure 16. The decrease of effective stiffness after different durations of freezing.



Conclusions and future work | 29

Chapter 6

Conclusions and future work

6.1 Conclusions related to the aim of the thesis

This thesis aimed to lay the foundation of a multiscale framework by
formulating its concept, identifying possible winter related damage
mechanisms, as well as developing the first part of the multiscale
model, a microscale model of frost damage.

The micromechanical model developed is based on a microstructure
consisting of viscoelastic mastic, linear elastic aggregates and linear
elastic air voids consisting of water or ice with temperature dependent
material properties. In addition to frost damage, the model also
accounts for moisture damage caused by the long term existence of
moisture in the material. The model couples the infiltration of
moisture through diffusion, the expansion occurring when the water
inside the air voids of the asphalt freezes to ice, as well as the total
damage depending on both moisture and frost action. The damage
includes both adhesive and cohesive damage modeled by the cohesive
zone model and an energy based damage model respectively.

The results from the simulations in the appended papers showed that
the modeled frost damage, in addition to depend on the number of
freeze-thaw cycles, also depend on the duration of the freezing (Paper
I and III), and the added traffic load (Paper II). As a result from the
damage, the model was able to simulate the decrease of material and
structural properties such as the effective stiffness of the
microstructure (Paper III), which results in an increasing
displacement of the top surface of the microstructure when subjected
to a load (Paper II). Furthermore, it was shown that the model is
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capable of simulating the larger damage that the increase in air void
volume entails (Paper III).

Concerning the multiscale framework, which is the ultimate goal of
this project, this thesis discussed the advantages of formulating it in a
modular way such that the dominant mechanisms can be identified as
well as treated on the correct time scale. This would additionally mean
a possibility to minimize the number of material parameters needed
to be determined through experimental testing as well as not entailing
a too long simulation time for the model.

6.2 Future work

Up to this point, this project has focused on identifying common
sources of distress in asphalt pavements during winter as well as
developing a micromechanical model which includes the damage
caused by moisture and frost action. In order to reach the goal of
developing a tool which is able to predict the damage evolution
occurring during winter, some further steps which are required have
been identified. First and foremost, the material parameters used in
the appended papers are based on data found in different sources of
literature. To obtain results representative of a specific pavement,
these material parameters need to be calibrated through experiments.
However, as discussed in Chapter 4, all of the parameters may not
need to be determined depending on the sensitivity of the resulting
damage to them. Therefore, the first step should be to identify the
dominant parameters that control the damage emergence and
propagation and thus need to be calibrated.

Furthermore, validation of the developed micromechanical model is
also required to ensure that the results given by the model are reliable.
This should also be done by experimental testing which is then
compared to the results from the model. It is important to ensure that
the test chosen tests the material and not the structure. As previously
mentioned in this thesis, many of the common tests are structural
tests. Due to the complexity of the material, and in this case also the
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climate conditioning, the results from structural tests are largely
dependent on the scale of the test. This means that the behavior of the
asphalt in a smaller scale test might not represent the behavior of the
asphalt in a pavement. Ultimately, the validation test chosen should
be able to test the degradation of a chosen material property, such as
the tensile or compressive stiffness or strength, after different number
of freeze-thaw cycles. In addition to the validation tests, the influence
on winter maintenance actions, including anti-icing and deicing
additives, on the frost damage evolution should be evaluated. This
should be performed using a similar, or even the same, type of test.

Before the micromechanical model can be validated however, it may
need to be updated to include the effect of an increasing air void
volume due to the damage. In reality, when a material is damaged,
apart from losing its bearing capacity, it means that new cracks in the
material may occur or that existing ones propagate and thereby allow
more water to infiltrate the pavement. As previously mentioned in
Chapter 2, this accelerates the damage further in the pavement. This
effect is not yet included in the micromechanical model and could lead
to a non-conservative estimate of the damage. If this is the case, this
effect needs to be accounted for at some stage of the multiscale model,
either in the micromechanical model or in the pavement scale model.
Furthermore, even though the temperature dependency of the mastic
behavior is accounted for in the model, the energy based damage
model for the mastic does not include any temperature effect. If
different temperatures during the freeze-thaw cycles are wished to be
tested, this needs to be included in the damage model for a reliable
damage prediction.

Finally, the multiscale framework needs to be completed by upscaling
the model to the pavement scale. The behavior on this scale model will
be based on the results of the microscale model. A large part of the
future of the project will be spent on the actual development of the
pavement scale model but also on performing the coupling between
the two stages as well as deciding on how it should be done to aid the
project the most. Validation of the pavement scale model is also an
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important step of the future work. On the pavement scale, additional
damage mechanisms such as low temperature cracking and frost
heave ought to be considered. This requires, for instance, adding the
capability of the model to simulate the heat transfer in the pavement,
which could also be of importance to the frost action at the
microstructural scale.
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