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Abstract

There are various distresses arising from traffic loads and the surrounding environment to which
an asphalt pavement is subjected during its life span. The environment-associated damages are
more severe during winter when abundant moisture and freezing temperature are present
simultaneously. Damage caused by frost heave is one of the important winter-related damages
resulting in severe cracks and bumpy road surfaces. Since the frost heave-induced cracks are
usually wide, they can make the pavement more prone to other types of damage by leaving the
open space for water and moisture penetration. Simulating the response of the pavement when
it is subjected to frost heave is the aim of this licentiate thesis. Attaining this objective requires
coupling a frost heave model with a damage model representing the mechanistic behavior of
the asphalt material. With regard to the brittle behavior of the asphalt at cold temperatures, a
viscoelastic damage model for asphalt material is coupled with a thermomechanical frost heave
model. The thermomechanical approach couples the physical processes involved in frost action
inside the soil. To elucidate more, in this method the thermal and mechanical fields are coupled
by the porosity evolution function which implicitly takes into account the effect of the hydraulic
field. On the other hand, the continuum viscoelastic damage model for asphalt material is
developed within the infinitesimal strain context by applying the thermodynamical restrictions
of irreversible processes. The suggested framework was employed in different finite element
models to simulate damages caused by frost heave in asphalt pavements. The results indicate
that it predicts the damage distribution and evolution in the asphalt. Furthermore, it was shown
that the uneven frost heave and physical processes taking place in the soil during frost action
such as cryogenic suction force creation, porosity evolution, ice formation, etc., can also be
simulated.
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Sammanfattning

Det finns olika typer av péfrestningar som uppstar fran trafikbelastningar och den omgivande
miljén som en asfaltbelaggning utsétts for under sin livslangd. De miljorelaterade skadorna &r
allvarligare under vintern nér fukt och kalla temperaturer & ndrvarande samtidigt. Skador
orsakade av tjallyft &r en av de allvarliga vinterrelaterade skadorna som resulterar i sprickor och
skadade vagsytor. Eftersom de tjallyftsinducerade sprickorna vanligtvis &r breda kan de géra
beldggningen mer utsatt for andra typer av skador genom vatten- och fuktintrangning. Syftet
med denna licentiatavhandling &r att simulera beldggningens reaktion nar den utsétts for tjallyft.
For att uppna detta mal kravs att en tjallyftsmodell kopplas till en skademodell som
representerar asfaltmaterialets mekanistiska beteende. Nér det géller asfaltens sprdda beteende
vid kalla temperaturer, &r en viskoelastisk skademodell for asfaltmaterial kopplad till en
termomekanisk tjallyftsmodell. Det termomekaniska tillvagagangssattet kopplar de fysiska
processerna som ar involverade i frostverkan inuti jorden. For att klarlagga detta mer, ar de
termiska och mekaniska féalten kopplade med porositetsutvecklingsfunktionen som implicit tar
hansyn till effekten av det hydrauliska fltet. A andra sidan &r den kontinuumviskoelastiska
skademodellen for asfaltmaterial utvecklad inom det oédndliga téjningssammanhanget genom
att tillampa de termodynamiska begransningarna av irreversibla processer. Det foreslagna
ramverket anvandes i olika finita elementmodeller for att simulera skador orsakade av tjallyft i
asfaltbeldggningar. Resultaten indikerar att den forutsdger skadeférdelningen och utvecklingen
i asfalten. Dessutom har det visat sig att det ojamna tjallyft och fysiska processer som dger rum
i marken under frostpaverkan, sdsom skapande av kryogen sugkraft, porositetsutveckling,

ishildning, etc., ocksa kan simuleras.

Nyckelord:

Asfaltbeldggning, tjallyft, viskoelastisk skademodell, termomekanisk ansats.
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1. Introduction

Roads, during their lifespan, are subjected to various deteriorating mechanisms arising from the
surrounding environment. In cold regions where the seasonal freeze is encountered the effect
of the frost action on the pavement needs to be considered to have performing roads in the

winter. The frost action ascribed damages to the pavement can be divided into four categories:

i. Freeze-thaw damage: it occurs due to the expansion and contraction of the water present
inside the asphalt layer.

ii. Frost heave damage: it occurs due to differential heave caused by ice lens formation in
the soil.

iii. Thaw settlement damage: this type of damage is not caused by the direct effect of frost
action. Rather, it occurs during the thaw season (early spring) that follows the freezing
period when the strength of the soil under the pavement is significantly reduced by the
melting of ice lenses.

iv. Thermal damage: it occurs due to low temperature-induced stresses caused by a

restricted thermal contraction in the asphalt layer.

Neglecting the effect of frost action on the pavement leads to a significantly increased rate of
deterioration. This is either due to pure frost heave-induced damages or its aggravating effect
on other pavement damages. To elucidate on, cracks throughout the asphalt layer caused by
frost heave provide an open space through which more water can penetrate into the asphalt layer
and the underlying soil. The more water infiltration into the pavement layers, the more severe
the damage caused by frost, moisture, frost heave, and thaw settlement. Accordingly, frost
heave can lead to faster damage growth and thus escalated and costly rehabilitation operations.
For instance, a flexible asphalt pavement when it is not subjected to frost heave anticipates a
service life of 12 to 15 years. Otherwise, it will require major maintenance operations within

five years due to frost heave-induced damages (MacKay, Hein et al. 1992).

Frost heave is one of the important pavement deterioration mechanisms caused by frost action
inside the soil. It occurs when the moisture trapped in the soil layer beneath the pavement is
subjected to freezing temperatures. Considering that water undergoes a volume expansion of
9% reveals that it cannot account for large deformations of the ground surface during the
freezing climate. The decisive factor is rather the formation and growth of ice lenses in the soil
voids. Crystallization of ice leads to the generation of suction force drawing water from the

surrounding environment to the frozen fringe through capillarity action. The product of this

1



process is the formation of large and thick ice lenses leading to the upward movement of the
ground surface. This phenomenon which is known as frost heave takes place in frost-susceptible
soils. Generally speaking, the finer the soil grains, the higher the sensitivity of the soil to frost
heave. This is due to the fact that fine soils provide superior conditions for capillarity action
(Dagli 2017).

Although the adverse effect of frost heave on the pavement can be diminished by avoiding frost-
susceptible soils in the base and subbase layers and providing an appropriate drainage system,
it cannot be totally eliminated due to the potential existence of moisture and frost-susceptible
soil in the subgrade layer. In other words, the complete removal of water source and frost-
susceptible soils is not feasible from the economic point of view, nor is it necessary, since
mitigating and preventive operations can be implemented to limit the frost action to a tolerable
level. Accordingly, in order to define a comprehensive criterion for acceptable frost heave level
and to assess the long-term performance of the pavement, there must be a reliable numerical
framework to simulate frost heave-induced damages. For this purpose, a frost heave model
needs to be coupled with a mechanical damage model suitable for the asphalt material. The
implementation of such a framework offers the possibility not only to capture the initiation and
evolution of damage caused by frost heave in the asphalt layer but also to simulate frost action
and ground surface deformations. This helps to propose more efficient design and maintenance

approaches leading to an increase in the sustainability of the transport infrastructure.

Aim of the thesis

The objective of this licentiate thesis is to propose a numerical approach capable of simulating
frost heave-induced damages in the asphalt layer. To attain this goal, a thermo-mechanical
model is implemented to simulate the frost heave phenomenon inside the soil. In conjunction
with this, a viscoelastic damage model for asphalt material is developed to predict the
mechanical response of the asphalt layer in the pavement. Coupling these two models provides
the opportunity to study the behavior of the asphalt pavement and to determine damage in the

asphalt layer when the underlying soil is subjected to frost action.
Outline of the thesis

After this introductory chapter, the thesis continues in chapter 2 where a thermomechanical
approach is presented in detail to simulate frost heave. In addition, this chapter sheds light on
the frost heave phenomenon by discussing the physical processes that occur inside the soil

during frost heave. Afterward, a thermodynamics-based viscoelastic damage model for asphalt
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material is proposed in chapter 3. Summary of the results obtained from appended papers are
given in chapter 4. This licentiate thesis concludes in chapter 5 with a summary of the most

important research results and an outlook on future work






2. Frost heave phenomenon

In this chapter, the underlying dynamics of the frost heave phenomenon are discussed first.
Then, the conspicuous numerical frost heave models developed in recent years are going to be
reviewed. Finally, the thermomechanical approach to simulate frost heave is explained in detail.

It is worth mentioning that in this chapter the bold symbols represent tensor parameters.
2.1. Frost heave, underlying mechanisms

The term frost refers to the upward deformation of the soil which occurs in response to
penetration of the freezing temperature in the presence of moisture. The earliest attempt in the
field meriting mention was that of Taber (Taber 1929) who provided the first valuable insights
into the frost heave mechanisms. He discussed that the volumetric expansion of the water while
turning into ice is not the chief factor in frost heave occurrence. While instead, it is mainly due
to the mass migration of the water to the freezing front. He also suggested a plausible
mechanism for ice film existence in the soil body. At present, the uplift caused by the volumetric
expansion of the water present in the pores and the uplift caused by the freezing of the water
drawn from the surrounding environment to the freezing front are called primary and secondary
heave, respectively. The secondary heave which is also termed as segregational heave is
significantly larger than the primary heave (Miller 1978). Mitchell (1976) discussed that the
force causing the migration of water to the frost front is due to the thermodynamic state of the
system, the thermal gradient, and the freezing point depression. The term freezing point
depression is used to describe the situation in which the freezing point of water is lowered by
the presence of non-volatile solutes. This phenomenon occurs due to the interaction between
soil grains, mineral particles, and water molecules. Takagi (1979) proposed a novel freezing
mechanism called segregation freezing and employed thermodynamics theories to study the
existence of suction force draining water to the freezing front within the soil body. He
concluded that the thickness of the water film adsorbed on the solid grains remains constant
during the freezing period and the frozen water around this thin water film at temperatures
below the freezing point draws the surrounding water molecules to the freezing surface. Wilen
and Dash (1995) conducted an experiment to study frost heave dynamics. They attempted to
shed more light on water migration to the freezing surface by studying the flow at the surface
of an isolated ice crystal. They reported that the flow triggered by the temperature gradient was
due to the presence of a thin film of water around the frozen parts. This was also later confirmed

and reported by Rempel et al. (2001).



With regard to what alluded to above, it can be concluded as the freezing temperature progresses
in the soil, three distinct areas can be identified: 1- frozen part: where the water has turned into
ice, 2- non-frozen part: where the water is in liquid form, 3- frozen fringe: where liquid water
and ice coexist. The thermomechanical processes that take place at the frozen fringe lead to the
generation of a negative pore water pressure. The resulting hydraulic gradient in the ground,
called cryogenic suction, causes water from the surrounding area to migrate to the frozen edge
area. The more water is transferred to the frozen fringe, the thicker the ice lenses become. It
goes without saying that thicker ice lenses lead to greater frost heave. The schematic

representation of the frost heave process is illustrated in Figure 1.

Another important factor affecting the frost heave phenomenon is the frost sensitivity of the
soil. In general, fine-grained soils are more susceptible to frost than coarse-grained soils. This
is due to the fact that fine-grained soils provide better conditions for capillary action, which in
turn create favorable conditions for water transport. However, heavy clays are typically
classified as moderately frost-susceptible because of their very low hydraulic conductivity

hindering the water migration to the freezing front (Chamberlain 1981).

-0 + e . -0 +
heave H ]
————— e S —-'————-—-—T-—-~—-------------------—— e ————
i I
frozen | | ice lenses
frozen fringe
water migration
unfrozen

v v

temperature pore water pressure

Figure 1 Schematic representation of the frost heave process.
2.2. Frost heave simulation

In literature, different numerical approaches have been proposed to simulate the frost heave
phenomenon. As it is going to be presented in the following, some of these models predict only

the frost heave while others also simulate the frost action in the soil.

Takashi et al. (1978) came up with an equation to estimate the frost heave by conducting series

of one-dimensional experiments. Takashi’s equation was successfully used in Japan to solve



the engineering issues caused by frost heave (Zheng and Kanie 2015). Konrad and Morgenstern
(1981) developed a simple approach to estimate the frost heave based on the Segregation
Potential theory (SP) in which the water intake to the freezing front was assumed to be
proportional to the temperature gradient. O’Neil and Miller (1985) developed the “Rigid Ice
Model” to simulate the frost heave by implementing fundamental concepts of thermodynamics
and conducting experimental investigations. This model is also capable of predicting the time
of the ice lens formation and its locations. Michalowski (1993) introduced the porosity
evolution function and used it in a constitutive thermomechanical approach to simulate frost
heave. Thereafter, Michalowski and Zhu (2006) improved this model to account for the
temperature gradient and stress state. Li et al. (2000, 2002) established a theoretical framework
for the coupling Heat-Moisture-Deformation behavior of freezing soils. It predicts the
temperature profile in the soil, water content, pore water pressure, and soil deformation when a
saturated soil is subjected to freezing temperatures. Li et al. (2008) further extended this model
by considering the air phase in order to be used in unsaturated soils. Nishimura et al. (2009)
presented a thermo-hydro-mechanical (THM) approach to simulate freezing and thawing in
water saturated soils. The temperature dependency of the shear strength in frozen soil as its
mechanical characteristic was addressed in this model. Liu and Yu (2011) proposed a frost
heave model for unsaturated soils by coupling the THM processes taking place in the soil during
frost heave. Zhou and Li (2012) introduce the concept of separating void ratio into a new THM
frost heave model as a criterion for ice lens formation. Later on, the vapor phase was included
in this model by Yin et al. (2018) to simulate the frost heave in unsaturated soils. The model
was further extended by Weng et al. (2020), considering the viscoplastic behavior of the

freezing soil.

Among the frost heave models found in literature, the thermomechanical approach presented
by Michalowski and Zhu (2006) is an appropriate model to be used in a framework aimed at
simulating frost heave-induced damage in asphalt pavements. The reason for this, is the
compatibility of the model with continuum mechanics and its capability to simulate non-
uniform frost heave. Furthermore, the model can be extended to capture thaw settlements by
incorporating the hydraulic field analysis, since the ultimate aim of this project is to simulate
damages caused by annual ground surface deformations due to frost heave and thaw settlement.
In the following, the thermomechanical frost heave model is presented in detail. In the current
study, the formulation presented by Michalowski and Zhu (2006) which was derived for the

plane strain condition is extended to a general three-dimensional case.



2.3. Thermomechanical approach to simulate the frost heave

Developing a numerical frost heave model requires a multiphysics analysis where all the
physical processes involved in this phenomenon are taken into account. The thermomechanical
approach couples the thermal field analysis with the mechanical field analysis by implementing
porosity evolution function. This process is schematically illustrated in Figure 2. The porosity
evolution function represents the effect of water migration toward the frozen fringe as a
response to cryogenic suction force creation. In other words, in the thermomechanical model
instead of simulating the water seepage the consequence of this process which is porosity
increase is taken into account. In the following, the thermal field analysis, porosity evolution

function, and the mechanical equilibrium during frost action inside the soil are presented.
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Figure 2 Schematic interpretation of the thermomechanical model.

2.3.1. Thermal field analysis

The energy balance during the penetration of the freezing temperature into the ground is defined

as

oT 06,

C,Lip =V (AVT), )

in which T is the temperature, L, is the latent heat of fusion of water per unit mass, p;is the
density of ice, 6, is volumetric ice content, and C, and A stand for the volumetric heat capacity

and the volumetric thermal conductivity of the soil composite.

The volumetric heat capacity and thermal conductivity for a saturated soil can be determined

as



C,=C06,+C,0,+Cé, )
A=Ay Al &)

where, C and & are the volumetric heat capacity and volumetric content of soil components.

Subscripts s, w, and i denote the soil particles, liquid water, and ice.
By using the chain rule Eq. (1) can be rewritten as

aT
CaE—V(ﬂVT), Q)

where C, is apparent heat capacity, defined as

06,
Ca:Cp_pria_Tl' (5)

With respect to the analogy between freezing and drying processes, the concept of the soil-
water characteristic curve (SWCC) can be extended to express the relationship between the
unfrozen water content and the suction force (Koopmans and Miller 1966, Ren, Vanapalli et al.
2018). Accordingly, by replacing the cryogenic suction with the negative matric head in van
Genuchten” SFCC model (van Genuchten 1980) the amount of unfrozen water content is
determined as

6, =6, +(0, —9,)(1+(0u//)ﬂ)%, ©)

in which 6, and 6,

sat

denote the residual and saturated water contents, respectively, ¢ and g
are fitting parameters. The cryogenic suction y in Eq. (6) is determined by using the Clapeyron

equation, such that

T +273.15
__L, pLn| 2 FEele ) 7
V=" P (T0+273.15j )

in which p,, is the density of water and T, is the freezing point of water.

2.3.2. The porosity evolution function

It was discussed earlier that as a consequence of the freezing temperature penetration through

the saturated soil, water migrates from the surrounding area to the freezing front where it turns



into ice. This process leads to porosity increase inside the soil. Michalowski and Zhu (2006)

proposed a phenomenological equation capturing the porosity evolution during the frost action

as follows
2 2 ‘OT
@:nm ﬂ exp 1- ﬂ a_lexp _m exp _%
dt T, T, 9y g 20, ), 8
T <T,, £<O
ot

where n_ is the maximum porosity rate, T, is the associated temperature with the maximum
porosity rate, g, is temperature gradient, £ is a material parameter, o, is first invariant of the

effective stress, and | stands for the heat flow direction.
The heat flow direction at any point inside the soil | is defined as

VT

_ VT (©)
v

where e,, e , and e, stand for unit vectors representing the axes of Cartesian coordinate

system. So the temperature gradient is calculated as

Gl
——=VT-I. 10
3 (10)

2.3.3. Mechanical field
The stress equilibrium inside the soil is described by

2
pzt_‘;zv.mfv, (11)

in which p is the mass density of soil composite, u is the displacement vector, o the second-
order Cauchy stress tensor, and f, is the body force per unit deformed volume.

The stress tensor in Eq. 1 is determined by

o=C(E,v):¢g,, (12)

in which C is a fourth-order tensor representing the material stiffness and ¢,, is elastic strain

tensor. The components of stiffness tensor C are function of modulus of elasticity E and
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Poisson’s ratio v.

The total strain is decomposed into the elastic strain and inelastic strain caused by frost heave

&, according to

E=¢g, +&y. (13)
Thus the increment of total strain is defined as

de=de, +deg,. (14)

The frost heave strain increment which is the consequence of porosity evolution inside the soil

can be described as follows

d
degy f. A
deg o |= E(l_g)dn ) (15)
dég s 1(1—§)dn
L2 J

where £ is expansion coefficient determined through calibration process and direction 1

indicates the heat flow direction.

The elastic strain is also defined based on the Hooke’s low, such that

1
E(daxx—v(daw+dazz))
- - |1
jgel,xx E(dO'W—V(dO'XXJFdO'ZZ))
gel,
dgelz ) é(dazz—v(daxx+dayy))
de,, | | @ro)ds, : (16)
d‘9el,yz E
(1+v)dz,,
. E i

where X, y, and z are arbitrary but mutually orthogonal directions. The frost heave increment
determined in Eq. 14 uses the coordinate system the axes of which are defined based on the

heat flow direction. As illustrated in Figure 3 the strain increment due to frost heave needs to
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be transformed to the X, y, z coordinate system by the following transformation rule

dafh.xyZ: R g '(RS,w 'dafh‘123 : R;m) RT (17)

2,(F-a) 2,(%7(1) '

where deg, and dg,, are the frost heave strain increment tensors in an arbitrary coordinate

system x.y.z and in the coordinate system compatible with the heat flow direction, respectively,
see Figure 3. R, and R, are the rotation matrices around axes 2 and 3, in the given order, angels

a and o are defined based on the heat flow direction, see Figure 3.

heat flow direction

dsilﬁ: d

€ »N

k‘(JJ

X

Figure 3 Transformation of frost heave strain increment.
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3. Thermodynamics-based viscoelastic damage model

Asphalt concrete is a highly complex heterogeneous material composed of aggregates, mastic
cement, and air voids. Asphalt as a bituminous material exhibits a time-, rate-, and temperature-
dependent response and its total deformation can be divided into recoverable (viscoelastic) and
irrecoverable (viscoplastic) components. The contribution of each component in the mechanical
response of asphalt material depends on temperature and loading conditions. For instance, low-
stress levels and cold temperatures lead to the dominance of viscoelastic response while both
viscoelastic and viscoplastic components need to be considered at high-stress levels and
temperatures (Abu Al-Rub and Darabi 2012).

The early research in the field of continuum damage mechanics and thermodynamics of
irreversible processes, e.g. (Kachanov 1958, Coleman and Gurtin 1967, Rabotnov 1969,
Schapery 1969, Perzyna 1971, Ziegler 1977, Chaboche 1981, Lemaitre 1985a, Lemaitre 1985b,
Chaboche 1988, Schapery 1990) inspired many thermodynamics-based constitutive models
developed in recent decades aiming at simulating the mechanistic response of the asphalt
material. In this framework, the effect of microscopic defects is reflected in macroscopic
response by introducing a damage variable. In the following, the important thermodynamics-

based continuum models for asphalt materials, developed in recent decades are presented.

Park et al. (1996) proposed a viscoelastic damage model for asphalt concrete in which a rate-
dependent function analogous to the power law equation for crack growth in viscoelastic
material was adopted to describe damage evolution. later on, Uzan (2005) extended this model
to account for the viscoplastic behavior of asphalt mixtures. In this model, the viscoplasticity
was addressed by employing a function corresponding to strain hardening and the time-
dependent response observed by Lai and Hufferd (1976) and Sides et al. (1985). In addition, a
very simple function, as one introduced by Kachanov (1958), was considered to represent the
viscoplastic damage growth. Darabi et al. (2012) developed a viscoelastic-viscoplastic model
coupled with temperature-dependent viscodamage based on Schapery’s nonlinear viscoelastic
model (Schapery 1969) and Perzyna-type viscoplasticity (Perzyna 1971). This model was
further improved by Abu Al-Rub and Darabi (2012) to also account for the micro-damage
healing process in the asphalt material, where a natural healing configuration similar to the
classical effective configuration (Kachanov 1958) was introduced in the model. Zhu and Sun
(2013) proposed another thermodynamics-based viscoelastic-viscoplastic damage model, in

which the dilation and contraction of asphalt mixtures were noted. Emphasizing the brittle
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behavior of the asphalt material at low temperatures, Onifade et al. (2015) excluded the
viscoplasticity and developed a viscoelastic damage model, where damage was incorporated
into the model as a separate internal variable. In the context of finite strain, Balieu and Kringos
(2015) presented an elastoplastic model coupled with anisotropic damage. The model is based
on the multiplicative strain decomposition and the introduction of intermediate configurations.
This model was further extended by Chen et al. (2017) to account for temperature dependency,

viscoelasticity, and viscoplasticity.

Since the behaviour of the whole pavement when exposed to frost heave is of interest and with
regard to the brittle behavior of asphalt materials at cold temperatures, a viscoelastic continuum
damage model is proposed to represent its mechanical behavior. This model is developed in the
context of infinitesimal strain where the fundamental principles of thermodynamics are
implemented to derive evolution equations. In addition, the model takes into account the
temperature dependency of the damage initiation and damage surface evolution. The following

section describes the model in detail.
3.1. The effective and nominal configurations

In continuum damage mechanics framework the material in damaged state (nominal
configuration) is assumed to be decomposed into the effective and fully damaged
configurations, see Figure 4. The effective configuration is defined by fictitiously removing all
the defects. The relationship between stress and strain tensors in the nominal and effective
configurations is defined by implementing an appropriate transformation hypothesis. There are
three famous transformation hypotheses in the literature: the strain equivalence (Lemaitre and
Chaboche 1990), the energy equivalence (Sidoroff 1981), and the power equivalence (Lee,
Peng et al. 1985). Assuming the energy equivalence the stress and strain tensors in the effective
and nominal configurations are defined, such that

(e}
5=—2_, 18
=15 (18)

£=(1-D)e, (19)

in which, & and € are the stress and strain tensors in the effective configuration, o and € are
stress and strain tensors in the nominal configuration, and D stands for the damage variable.

D =0 when the material is undamaged and D =1 when the material is fully damaged.
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N=6-A

Remove the damages

Q) (nominal configuration) f) (effective configuration)

Figure 4 The nominal and effective configurations.

3.2. General framework

To describe different mechanisms affecting the macroscopic behavior of the material, internal

state variables are introduced while developing thermodynamics-based constitutive equations.

For the viscoelastic damage model, the total and viscous strain tensors (&, €") are used to
express the viscoelastic response, the damage variable D is used for material degradation, and
the variable d controls the change in size of the damage surface. So, the Helmholtz free energy

w can be defined as
v=y" (s,z—:v,D)+l//d (d), (20)

in which the total free energy is decomposed into the energy associated with viscoelastic and

damage strain y*® and the energy caused by damage surface evolution y°.

The thermodynamic forces conjugated to internal variables can be defined according to

Gzég, (21)
o' = 2;{ , (22)
:_%%} (23)
¢ _ Z_Z ’ (24)

* The minus sign is used to get positive thermodynamic force.
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in which ¢" is the viscous part of the stress, Y is the strain energy release rate due to damage,

and Y is the strain energy release rate due to damage surface evolution.

To ensure that a physical process is thermodynamically admissible, the free energy inequality

(Clausius-Duhem inequality) must be satisfied, such that

ev ev ev d
oie- W OV e OV 5 OV sy, (25)
oe 0g" ob oD

Considering the internal state variables Eq. (25) takes the following form
"' +Y:D-Y":d >0. (26)

The evolution of the internal variables is derived by using the principle of maximum dissipation.
Assuming the total dissipation potential to be decomposed into viscoelastic dissipation H and

the dissipation due to damage F , the evolution equations can be written as

.v_oH

&= 0
D:i%?, 29)
. . OF

d=-iss 29)

where A is Lagrangian damage multiplier.

Adopting the associated damage evolution approach the evolution of damage variables can be

rewritten according to

D:_gw, (30)
oY

g-_ A0, (31)
g

where f is asmooth an convex curve representing the damage surface.

In the rate-dependents damage dissipation process the Lagrangian damage multiplier is

evaluated as
A=0((f)). (32)
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in which the notation (e) stands for Macauley bracket.

3.3. Specific Case

The viscoelastic free energy can be decomposed into an equilibrium part w* and a non-

equilibrium part w". Implementing the Generalized Maxwell model the viscoelastic free

energy is described as

e =y :%(1— D)’ {a:E‘” :a+i(a—af‘):En (t):(a—aC)] (33)

E,(t)=E, exp(— ! J (34)
a,t,

where E” is the long-term stiffness tensor, E, and z, are the stiffness tensor and relaxation
time of the n' branch in Maxwell model, in the given order, t is the time, and «, is the shift

factor accounting for the temperature dependency of the asphalt material. Using an Arrhenius-

type function ¢, is defined as

a, =exp [55 [1—%}} , (35)

where T

ref

is the reference temperature and £F is an empirical constant.

The viscous dissipation potential is postulated, such that

H =L o'g (36)
21,

in which 7, stands for the viscosity of the n branch in Maxwell model.

Considering Egs. (22), (27), and (36) the viscous components of the stress and strain are

obtained as

o! :Zzg:(l— D){iEn (t):(a—s;)] (37)

= 2o (38)
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The permanent part of the free energy in Eq. 20 is defined, such that

= kl[d —kiexp(—kzd )j, (39)

2
in which k;, and k, are material parameters. So, according to Egs. (24) and (39) the strain

energy release rate associated with the damage surface evolution can be written as

0 d
Yo ==k (L-ep(kyd)). (40)

The damage surface is postulated as

f=Y-Y,6,(T)-Y,(T), (41)

0, = exp(ﬁD [l—TLD (42)
o T
6, =exp{§ (ﬂ_ B (43)

Where the functions 6, and 6, controls the temperature dependency of the damage initiation

and damage surface evolution, respectively. These functions are defined such that decreasing
the temperature leads to a rapid damage evolution and higher required energy for damage
initiation. Accordingly, the brittle behavior of the asphalt and delayed damage initiation point

at the cold temperatures are accounted for in this approach. Y, is the damage initiation

threshold, £° and &° are material parameters, and Y the thermodynamic force, determined by

Eqg. (23) as

Y :_a_‘/’:(l_ D){S:Ew :8+2N:(8—8‘:]):En (t):(s—ss)] (44)

oD 1

Noting that

o:%_‘/’z—(l— D){E*:HEN:En (t):(s—SC)}, (49)
€ n=1

So
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Y= {(1 wD) i o ( ")}. (46)

Finally, considering Eq. (41), the evolution laws presented in Egs. (30) and (31) can be rewritten

as

NP LALIP an
oY

- 0D (48)
oY

3.4. Frost heave-induced damages

To simulate the damage caused by frost heave in the asphalt layer the thermomechanical frost
heave model is coupled with the viscoelastic damage model. Implementing this approach not
only provides the opportunity to identify damage distribution in the asphalt layer and simulate
its behavior in response to frost heave phenomenon but also simulates frost action inside the
soil by capturing cryogenic suction, ice and water content, and porosity evolution. The
flowchart presented in Figure 5 schematically illustrates the analysis procedure in this

framework.

——»| Heat conduction analysis Porosity evolution function

v

update the material properties

v
Mechanical deformation
analysis

& r4—— Viscoelastic damage mode]

T, :the ambient temperature, 7 :thetemperatureof soil
n :the porosity of soil, u :thegroundsurfacedeformation
o :thestressin asphalt layer. & :thestrain in asphalt layer
D :thedamage parameter in asphalt layer

Figure 5 flowchart of the proposed framework to simulate frost heave-induced damage in asphalt pavements.
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4. Results and discussion

In this section, a summary of the results from the appended papers are presented. The proposed
framework has been implemented into the finite element code in COMSOL Multiphysics®5.6.

4.1. Paper |

In paper | capabilities of the thermomechanical approach in simulating the uniform and non-
uniform frost heave as well as the frost action in the soil were demonstrated. To study the
uniform frost heave and frost action inside the soil, a samples with the uniform boundary
conditions is exposed to freezing temperatures, see Figure 6. In addition, to simulate the uneven
frost heave a soil domain with non-uniform boundary conditions is subjected to Stockholm
temperature during a freezing period (Moberg 2020), see Figure 7. The freezing period was

selected such that the thawing effect is negligible.

The generation of cryogenic suction force which is the reason for water migration toward frozen
fringe is illustrated in Figure 8. One of the important consequences of frost penetration in the
soil is water fusion. The volumetric ice content at different time steps is shown in Figure 9. It
can be inferred that the fusion of water to ice inside the soil is a gradual process, which also

happens at temperatures far below 0 °C.

The porosity evolution inside the soil is depicted in Figure 10. The reason for the porosity
increase during frost heave is both water seepage toward the freezing front and the volumetric
expansion of water while turning into ice. In the proposed frost heave model, the water seepage

is implicitly considered by using porosity evolution function.

B e el 03m
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2 \
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£ AN 1 VT.e =0 e
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-4 \\ 1
0.lm
, |
-6 2 12 x 0 VTe.=0
0 2 4 6 8 10 12 14 ~L- o e
time (hr) &

Figure 6 Thermal and mechanical boundary conditions for uniform frost heave model.
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Figure 7 Thermal and mechanical boundary conditions for uneven frost heave model.
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Figure 8 Cryogenic suction at different time steps.
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Figure 9 Volumetric ice content at different time steps.
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As illustrated in Figure 11 the proposed model captures the heat flow direction inside the soil
and predicts the non-uniform displacement field caused by the freezing temperature penetration.
The reason for non-uniform heave is the varying heat flow direction, because as discussed
earlier the frost heave strain along the heat flow direction is larger compared to the other
directions. This can be noticed in Figure 11 within region (2), where the upward displacement
is less in the parts with inclined heat flow direction than in the parts with vertical heat flow
direction.

t=4 hr t=8 hr t=12hr
0.49 0.53 0.55
1 0.47 0.50 0.51
0.45 i 0.47 0.47
0.43 0.43 0.43
t=16 hr =20 hr t=24 hr

H 0.57 0.58

| 0.52 1053

o
s
3
=3 =)
P 'S
B 3

0.43

cm E «'
= :\\i N 30 "
e \\ - scale: 2/1
%\‘:\\\\ \ & Region (2)
AN ”
NN 5 Region (1)
? 0

Figure 11 a) Heat flow direction at t=30 d. b) Displacement field at t=30 d.

The other important point which is observable in Figure 11 is that the amount of frost heave in
region (1) is smaller that region (2). This is due to different temperature distributions within
these regions. As illustrated in figure 12, since larger area in region 2 is exposed to ambient

temperature, larger part of this region is affected by subzero temperatures. Thus, the amount of
frost heave in this region is greater.
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Figure 12 Temperature field at t=30 d.
4.2. Paper Il

In paper Il appended to this licentiate thesis a thermodynamics-based viscoelastic damage
model is presented and coupled to thermomechanical frost heave model. The developed
framework is implemented to simulate the frost heave-induced damage in an asphalt pavement
in a case study scenario where a culvert passes beneath the pavement. It was assumed that the
frost susceptible soil is available only in subgrade layer. The geometry, material properties, and
boundary conditions are shown in Figure 13.

Symmetry line
e, (AVI)=h(1, 1)

Subbase, E=300MPa, v=0.35 0.5m

Subgrade, E=E(T), v=0.35

Diameter=2 m VTe,.=0
VI.e,=0 !
ue, =0 42m ue, =0
Vie,=0
Sm
-
x

Figure 13 the boundary conditions and cress-sectional geometry of the pavement.

The ambient temperature to which the pavement is subjected drops linearly from +1 °C to — 20
°C in four days and then remains at — 20 °C for one more week. Figure 14 illustrates the ground
surface deformations at different time steps. The reason for the uneven deformation is the

different rate of frost penetration as well as the varying heat flow direction within the soil due
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to the existence of culvert. Figure 15 indicates the heat flow direction and temperature
distribution within the soil. It can be noticed that at regions closer to the culvert the freezing
temperature penetrates faster compared to other parts. This is due to the insulation assumed
around the circumference of the culvert. The insolation reduces the required thermal energy

extraction while heat conduction.

t=1d

10 1 =2d
=3d
=ad

8 =5d
t=6d
=7d

t=8d

=9d
t=10d

4 t=11d

displacement (cm)

0 1 2 3 4 5
ground surface

Figure 14 Ground surface deformations.
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Figure 15 a) Heat flow direction at t=11 d. b) Temperature field at t=11 d.

The gradient heave at the ground surface as the external load imposes stress on the asphalt.
Figure 16 illustrates the stress and strain distribution within the asphalt layer. The immediate
consequence of stress development in the asphalt is damage initiation. Distribution of the
damage in the asphalt layer is shown in Figure 17. It is observable that the maximum damage
occurs directly above the culvert where the maximum stress and heave also take place. Figure

14 illustrates the evolution of the maximum damage in the asphalt.
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Figure 17 Damage distribution in the asphalt layer.
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Figure 18 Evolution of the maximum damage.
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5. Conclusions and future work

The aim of this licentiate thesis was to develop a numerical framework for the investigation of
damage caused by frost heave in asphalt pavements. To attain this objective, first, a
thermomechanical frost heave model was presented. This model was developed based on a
multiphysics analysis in which the porosity evolution function is used to couple the thermal
field with the mechanical field. The porosity evolution function represents the consequence of
ice lens formation inside the soil. The important feature of this model is that it is capable of
simulating uneven frost heave, which is a decisive factor for frost heave-induced damage in the

pavement.

In addition, a viscoelastic continuum damage model was developed to represent the mechanistic
behavior of the asphalt material at cold temperatures. This model is constructed within the
infinitesimal strain framework and the restrictions imposed by the thermodynamics of

irreversible processes are implemented to derive viscoelastic evolution equations.

Coupling the frost heave and viscoelastic damage models yields in a framework to study
damages caused by frost heave in asphalt pavements. The results of the appended papers

indicate that the proposed framework is capable of

i. Simulating physical processes involved in frost action within the soil such as water fusion,
porosity evolution, etc. This was shown in paper | and 1.

ii. Capturing the uniform and non-uniform ground surface deformations. In paper | the
uneven frost heave was caused by non-uniform thermal boundaries, while in paper 1l
the presence of the culvert leads to the non-uniform frost heave.

iii. Simulating the response of the asphalt layer and obtaining damage distribution in the
asphalt when subjected to the frost heave. In paper Il stress, strain, and damage
distributions in the asphalt layer are presented. Furthermore, the evolution of maximum

damage in the asphalt was presented in this paper.

This project is going to be extended to include damages in the pavement caused by the thaw
settlement. For this purpose, the hydraulic field analysis is going to be added to the frost heave
model in order to simulate water seepage during the thawing of the ice lenses. Furthermore, the
plastic response of the asphalt material will be incorporated into the viscoelastic damage model
to capture its ductile behavior. The asphalt damage model will also be calibrated for asphalt

mixtures using the Polymer Modified Bitumen (PMB) and conventional C70/100 bitumen to

27



compare their performance when exposed to annual ground surface deformations.
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