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Abstract

Asphalt pavement experiences different degradation mechanisms under several solicitations. The
asphalt mechanical and fracture properties of asphalt mixtures have been investigated using
experiment and X-ray CT scan to improve the quality of design. These methods are limited by the
number of samples required and high cost. The development of numerical methods provided a
powerful tool to investigate the asphalt mixture performance at macro and micro scale, requiring
lower number of sample and cost. A key challenge of the numerical method is the reliable modelling

of the cracks under different conditions.

In this thesis, Peridynamics and Discrete Multiphysics model is used to simulate the mechanical
properties and fracture characteristics of pavement materials. The simulations were carried out on the
open-source software LAMMPS and visualised on Ovito. Initially, the capability of Peridynamics
and Discrete Multiphysics was explored to assess micro-crack formation and propagation in asphalt
mixture at low temperatures and under freezing conditions. The results showed the cracks form at the
interface and propagate from one void to another along the direction of load. In addition, the water
expansion increases the pressure within the voids which adversely has a detrimental effect on the
asphalt mixture performance. Experimental studies on three different asphalt mixtures with voids
content of 3%, 10%, and 14% were performed at low temperature and freeze-thaw cycle to establish
a correlation between the asphalt mixtures’ properties and the voids’ topology. The asphalt mixtures
were scanned using Computer Tomography scan to determine the internal structure that evolves
during freezing cycles. Semi-circular bending test was used to determine mechanical properties at
low temperatures. The results show that asphalt mixture with 3% void content has the lowest and

steady degradation rate with the lowest water retention during all cycles. The asphalt mixtures with a



high void content have the highest concentration of water in the pores and decay faster during the
initial cycles, but slower during the later cycles because there is less water inside the pores which are
fully open and do not retain it. A 3D model was used to simulate the asphalts mechanical and fracture
properties discussed in the previous chapter at -10 °C. In addition to the previous chapter, asphalt
mixtures mechanical and fracture properties at 20 °C were simulated. The results showed that the
asphalt mixture performance is reproduced with 23.08% error for the asphalt mixture at -10 °C and
6.9% for the asphalt mixture at 20 °C compared to the experiments. The damage at low and high
temperatures such as cracking was reproduced like the real sample. In addition, higher stress occurs

in the area where damage was formed.
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Chapter 1

Introduction

1.1. Problem definition

Every nation needs an efficient transportation structure to grow economically and socially. The
durability of the road network is under pressure, especially infrastructures designed decades ago,
planned for a different volume of traffic, or experiencing harsher climate conditions, from extreme
temperatures to heavy rains fall. Asphalt roads are one of the most widely used transportation systems.
As a heterogeneous material, asphalt mixture is composed of aggregates, bitumen, fillers, and voids.
Only since the end of the 19th century, roads have been made with these materials, even though exist
several references in the Bible about bitumen's ancient uses [1]. Bitumen has recently been used to

produce asphalt mixture due to the late development of the required technologies for large scale [1].

A wide variety of asphalt mixtures are obtained by changing the ratios of different components [1].
Asphalt mixtures’ properties are correlated by their aggregate and binder composition, gradation,
distribution and orientation, void ratio, and temperature [2], [3]. Aggregates are stiff enough to resist
traffic loads. Bitumen binds the aggregate together in the road surface layer while; it is viscoelastic

at high temperatures and stiff at low temperatures [4].

During road life, asphalt mixture deteriorates due to cyclic loading and environmental conditions [5],
[6]. Asphalt mixture undergoes several types of damage (Figure 1): fracture, cracking, ravelling, and
rutting [7]. In general, damage starts at a small scale as microcracks grow and propagate until the

damage is visible at a larger scale [8]. At low temperatures, asphalt mixture is brittle and freeze-thaw
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cycles give rise to cracks that cause ravelling and premature pavement failure [9]. There are two types
of cracks: adhesive (at the interface mastic-aggregate level) and cohesive (in the mastic) [10], [11].
Understanding the degradation mechanisms described above is crucial for the better design and

maintenance of roads.

Top-down cracks

Stones (d > 2 mm)

Mastic Large-scale

Void

Bottom-up cracks

Fracture

Fatigue crack
&t Meso-scale

Cohesive crack

Filler
Small-scale

Adhesive crack

Figure 1: Type of cracks from larger to smaller scale

Many researchers have studied the impact of different gradation, void topology, and temperature on

mechanical characteristics and damage using semi-circular bending tests (SCB) [6], [12], [13].

The SCB test is one of the popular methods to study the mechanical properties of asphalt mixture,

such as fracture energy, fracture toughness and tensile strength [10], [14], [15]. Although asphalt
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mixture’s performances were intensively studied, the literature lacks a comprehensive study on the
role of void and aggregate properties along with temperature at a smaller scale [16]. In addition, the
correlation between asphalt mixtures’ internal structures and their performances at low temperatures

was not established [9].

Despite the SCB test can characterise asphalt mixture performance, it is incapable to assess asphalt
mixture's internal structure and its influence on mechanical properties. Therefore, X-ray Computer
Tomography (X-ray CT) scans are employed to provide data on void content and topology [9]. X-ray
CT scan allows characterisation and quantification of voids percentage, tortuosity, void circularity,
roundness, and aggregate topology [8]. In addition, X-ray CT scans can detect damage inside the
asphalt mixture providing information about the fracture properties but cannot show the progress of
damage of a sample and therefore, limiting the evaluation of deterioration mechanisms, unless the
scans are taken at different times. However, numerical methods can provide a tool for understanding
asphalt mixture degradation mechanisms and obtaining information from a wide range of conditions
[17], [18]. Numerical methods, compared to experimental tests, provide a more flexible and cost-
effective alternative to studying asphalt mixture behaviour. SCB tests and numerical simulations can
also work in combination [18]. Sun et al. [19], for example, investigated the effect of porosity on
crack performance at low temperatures using experiments and discrete element simulations. Xue et
al [20] simulated the fracture behaviour of asphalt mixture concrete in 2D with no voids at low
temperatures (this, however, makes the fracture not realistic) using the discrete element method. In
recent years, asphalt mixture properties have been modelled using both mesh-based methods such as
the Finite Element Method [21] and mesh-free methods such as Lattice Spring Model (LSM) [22]
and Peridynamics (PD) [23]. Computational studies are usually required to carry out experiments
under a variety of conditions such as loading rate and temperature, to obtain mechanical responses

[5], [24]. Furthermore, three-dimensional dynamic fracture and multi-crack propagation are still
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difficult to model. For instance, in FEM cracks or discontinuities tend to re-mesh making the cracking
analysis not realistic [25]. Extended finite element method (XFEM) addresses this limitation by
reducing remeshing in cracking analysis, but for heterogeneous material, it is still limited due to facial
boundaries requiring more adjustment [26]. However, crack propagation and micromechanical
behaviour can be modelled with novel mesh-free methods. The lattice spring model (LSM) is a mesh-
free method proposed to represent the body as a lattice, where the nodes model the mass of the
material, and the springs represent the mechanical properties [27]. Peridynamics (PD) [23], like LSM,
discretises the material using spatial integral equations rather than partial differential equations.
Peridynamic is a better method than FEM to model stationary discontinuities and a better method

than LSM to model dynamic fracture [8], [28].

There are two categories of Peridynamics: bond-based [23] and state-based [29]. Bond-based
Peridynamics models the material as elastic with a fixed Poisson ratio. The state-based Peridynamic
has a variable Poisson ratio. The state-based Peridynamic linearly elastic models (LPS) [29] the
material as elastic. The viscoelastic Peridynamic solid (VES) [30] models the material as viscoelastic.

The elastoplastic Peridynamic solid (EPS) [31] models the material elastoplastic.

As a result, combining experiments with peridynamic computational studies can compensate for the
individual limitations discussed and reduce the cost of developing more resistant materials. Using
computational methods, this study provides a tool for optimising asphalt mixtures and predicting
mechanical and fracture properties. To validate Peridynamic modelling, the mechanical responses of

asphalt mixtures under various test conditions have been meticulously measured.

The overall goals of this thesis are to:

e Understand the role of the temperature, water, and internal structure of asphalt mixture on its

mechanical and fracture behaviours.
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Develop a reliable procedure to simulate asphalt mixture or infrastructure material, in general,
using Peridynamic and Peridynamic coupled with Lennard-Jones to reproduce the asphalt
mixture performance. The advanced numerical model adds information which is unprovided

by experiments such as local stress and damages

The following steps were required to achieve these goals:

Determination of the asphalt mixture’s mechanical and fracture properties under different
conditions such as temperature and water infiltration.

Determination of the mechanical and fracture properties of each component of the asphalt
mixture under the different environmental conditions to obtain the input parameter for
modelling.

Creation of a digital asphalt mixture sample using a CT scan of real asphalt mixture.
Elaboration of the CT scan to obtain all information regarding voids and aggregate such as
content, size, and shapes. In addition, the cracks are monitored to assess the damage under the
solicitation.

Computational reproduction of the uniaxial compression test and the SCB test for the asphalt
mixture.

Investigation and comparison of the mechanical and fracture characteristics of the asphalt

mixtures.

1.2. Thesis structure

This thesis is organised as follows:

Chapter 1: Introduction of the project, the research's goals, and objectives.
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Chapter 2: Discussion of a Literature review on the several types of asphalt components and mixtures.
The properties of the different components of asphalt mixture are presented. The asphalt mixture’s
mechanical and fracture properties are discussed, providing information regarding how the asphalt
mixture behaves under different conditions such as temperature and loading, with a brief review of
cracks and damage. Then, the semi-circular bending test is discussed, showing the parameters that
this test can provide, followed by a discussion of the CT scan explaining how this examination is
conducted and which information provides, elaborating these images with different software,
eventually the asphalt mixture numerical micromechanical model’s review is presented as well as
their development and application in infrastructure materials. This chapter also goes over the theory
and background of Peridynamic modelling.

Chapter 3: Discussion of the methodology used in this work. The chapter focuses on materials tested,
CT scans of asphalt mixtures and simulation using Peridynamics (PD) which is the method used to
simulate the asphalt mixture’s mechanical properties.

Chapter 4: Demonstrates the application of Peridynamic and Discrete Multiphysics on digital asphalt
mixture at low temperatures and under freezing conditions reproducing the mechanical and fracture
performance of real asphalt mixture. CT scans of various asphalt mixtures are used to recreate the
digital asphalt mixture in a 2D format. All simulations are performed at a low temperature, in dry
conditions, with freezing water. Water is modelled by combining peridynamic and repulsive forces.

Chapter 5: Assesses the influence of the freeze-thaw cycles on the mechanical properties of asphalt
mixture and the topological properties of voids, by CT scanning three types of asphalt mixture before
and after each freeze-thaw cycle.

Chapter 6: Evaluates, experimentally and computationally, the effect of temperature, aggregate and

void characteristics on the mechanical properties and fracture resistance of asphalt mixture. Three
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distinct types of asphalt mixture are created and X-rayed to determine the voids and aggregates'
internal structure.

The CT scans are used to recreate the realistic structure of the asphalt mixtures that are tested and
simulated in 3-D using the peridynamic model at low and high temperatures.

Chapter 7: Examines the research's findings, discusses the conclusions, as well as making

recommendations for future research.
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Chapter 2

2. Literature review

2.1. Introduction
Asphalt mixtures are heterogeneous materials made of aggregates, bitumen, filler, and voids with
complex microstructural, resulting in a wide range of properties. The aggregate is the skeleton of the
asphalt mixture and be responsible for the bearing capacity and the load transfer within it; the
bitumen, covering the surface of the aggregate, acts as an adhesive of the skeleton, allowing the mix

to hold up tensile and shear stresses [2], [3].

2.2. Asphalt mixture component
The individual components of asphalt mixture are introduced in the following subsections describing
the chemical complexity and the viscoelasticity of the liquid bitumen, followed by component

aggregates.

2.2.1. Bitumen
Bitumen is a hydrocarbon product manufactured from crude oil after distillation, followed by a post-
process such as air blowing and blending. In addition, it contains other chemicals such as sulphur,
nitrogen, oxygen, and metals [1], [32], [33]. Bitumen’s density ranges between 1,010 Kg/m?® and
1,040 Kg/m® at room temperature [1]. The thermal properties vary slightly. For instance, the
volumetric thermal expansion coefficient ranges between 55 x 10° K™ and 63 x 10° K [1]. In

addition, below the glass transition temperature (from -40 °C to 5 °C), the thermal expansion
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decreases depending on the bitumen source [34]. Bitumen has a relatively small contact angle,
therefore can cover dry surfaces [35]. Bitumen has been used in the pavement to improve its

performance. Asphalt mixture aggregates are held together by bitumen which acts as an adhesive.

The binding performance of bitumen depends on the rheological properties at high temperatures and
adhesion properties at low temperatures [11]. In general, bitumen content in asphalt mixtures varies
between 4% and 7% [36]. The content influences the properties of mixtures. Bitumen is a viscoelastic
material, and its mechanical properties are influenced by temperature, loading rate and time of
application. The viscosity and young modulus both increase by lowering the temperature [1] where
above the glass transition temperature bitumen is liquid and below the glass transition temperature it

is brittle and elastic.

2.2.2. Aggregate
Aggregate is the principal component in asphalt mixture with 94% in weight (wt) which depends on
asphalt mixture’s performance. Aggregates are solid materials different per grain size, hardness,

mineral composition, and shape.

There are two classifications for aggregates based on their sources and sizes. According to EN 13043
[37], there are three types of aggregate: natural, manufactured and recycled. Natural aggregates come
from mineral sources subjected to a mechanical process, manufactured are artificially originated and
recycled are regenerated from previous constructions. Another classification depends on the size:
coarse aggregate is above 2.36 mm, fine aggregate below 2.36 mm, and filler aggregate below 0.063
mm [1]. Experiments have shown better asphalt mixture performance with coarse aggregate [38].
However, asphalt mixture with larger aggregates contains more void due to less compaction [39]. The

asphalt mixture’s skeleton is constituted by aggregates larger than 2.36 mm, while the mastic is a
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combination of filler, aggregate smaller than 2.36 mm, and bitumen [40]. Mastic adds stiffness and
stability to the mixture while improving the compaction of the aggregate and controlling void content.
The purpose of the filler is to minimize the amount of bitumen used to fill voids in a coarse and fine
aggregate mixture, improving asphalt mixture stability and stiffness [41]. Furthermore, when

compared to pure bitumen, the mixture of bitumen and filler has a higher viscosity [42].

The primary function of aggregates is to provide load-bearing support while providing grip and
abrasion resistance on the asphalt mixture surface [43]. In addition, by choosing different sizes and
amounts of aggregate, the number of void content changes and, in literature, this is between 4% and
25% [44]. Asphalt mixture properties are greatly influenced by the volume and distribution of air
voids. The aggregate properties, bitumen content, and the size and distribution of air voids depend on
the compaction process [45]. The void content and distribution are primarily determined by the
coarse-fine aggregate ratio [19]. Other mesostructured factors that affect asphalt mixture performance

include bitumen content, aggregate type, and gradation [46].

The aggregate has different shapes and bearing capacities with two indexes: flakiness index following
EN 933-3 [47] and shape index following EN 933-4 [48]. The flakiness index is the percentage of
aggregate with a thickness smaller than one-half of the longest size. The shape index is a classification
of each aggregate into the mixture based on the length-to-thickness ratio measured with a measuring

gauge, see Figure 2.
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Elongated Flaky Cubical

Figure 2: Aggregate shapes. Modified from [1]

2.3. Asphalt mixture types
The literature provides a wide range of asphalt mixtures that are manufactured by choosing different
typologies and proportions of aggregate and bitumen. According to the gradation, there are two types
of asphalt mixture: continuously graded and gap graded. Continuously graded are made with equal
amounts of each aggregate size and this produces an aggregate skeleton with stone-on-stone contact
throughout the mixture. The gap graded is made with only a certain aggregate size and results in

higher air content compared with the continuously graded.

The main types of asphalt mixture are presented as follows [1]:

e Asphalt concrete
e Dense asphalt
e Porous asphalt

e Hot rolled asphalt
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e Stone mastic asphalt

e Mastic asphalt

2.3.1. Asphalt concrete
Asphalt concrete is manufactured following the marshal method according to the standard BS EN
13108-1:2006 [49]. This type of asphalt mixture is a continuous grade with low bitumen; Figure 3
shown below is a typical grade. The asphalt concrete mixtures are built using the concrete principle

which means that the grain skeleton is dense with few voids content.

Gradation (0/10mm size asphalt concrete)
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Figure 3: Asphalt concrete

2.3.2. Dense asphalt
Dense asphalt is a densely packed mixture of mineral aggregates that has a strong resistance to

deformation [50]. The density of the resulting asphalt mixture can be used to classify it. A nearly
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optimal grain-size distribution curve achieves high density, resulting in a low air void content. This
mixture is commonly used in road construction [51]. Due to the low voids content, resulting in
advantageous excellent resistance to the disintegrating forces of entering water [1]. Water causes
harm inside an asphalt mixture, not just when it freezes. It affects the thermodynamic potential of
adhesion between mineral aggregate and bitumen, resulting in gradual adhesion loss [2]. Furthermore,
water movement in voids promotes the start of early fatigue cracks [50]. A low void content is
advantageous for age resistance, i.e. loss of volatiles and oxidation by air [1]. Finally, dense wearing

courses protect the bottom asphalt mixture layer from water penetration as well as oxidation [52].

2.3.3. Porous asphalt
The porous asphalt is a gap graded, mostly of a single size coated in a thick bitumen, achieving a
good interlock. The mixture has two advantages: relatively low durability compared with the dense
asphalt and improved plastic deformation [1]. An open-graded asphalt or porous asphalt is created by
widening the gap in the grain-size distribution, see Figure 4. The high enclosed air void content allows

the porous asphalt to drain water from the surface faster and reduces wheel noise [3].
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Figure 4: Porous asphalt

2.3.4. Hot rolled asphalt
Hot rolled is defined as a gap-graded with a small portion of medium aggregate size and compared to
asphalt concrete, it consists of higher levels of sand, filler, and bitumen. The contact among aggregate
is not frequent and the load is transmitted through the mastic which is made by bitumen and filler. It
is characterised by a long lifespan. Figure 5 below, shows a typical grade following the standard BS

EN 13108-4:2006 [49].
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Figure 5: Hot rolled asphalt

2.3.5. Stone mastic asphalt
Stone mastic asphalt, characterised by high rutting resistance, is a dense gap-graded asphalt with high
aggregate and mastic content [53]. The high performances are reached due to the skeleton’s ability to
a carry heavy load. When the stones are in contact, they transmit the stress from one to the other.
Furthermore, this asphalt mixture has the best noise reduction and drainage capacity [53]. The cracks
are limited by the amount of mastic that decreases the void content. Figure 6 shows a typical aggregate
grading curve following BS EN 13108-5:2006 [49]. The mixture is applied when high stability and

low noise are required [1].
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Figure 6: Stone mastic asphalt

2.3.6. Mastic asphalt
Mastic asphalt is made of bitumen and fine material whereas the latter is characterised by an extensive
surface area. The fine material element contributes to the impermeability of the mastic asphalt,
resulting in high binder content. Because of the high binder concentration, the material is only used

for specialised applications such as waterproofing bridge decks [1].

2.4. Review of mechanical properties of asphalt
The design of asphalt mixture is based on its mechanical properties and its fracture behaviour. Asphalt
mixture behaves as a viscoelastic material; it exhibits time and temperature dependency along with a
response determined by past solicitations [54]. The viscoelastic responses depend on the properties
of its component (bitumen and aggregate). Bitumen influences the viscoelastic properties, while
aggregate influences elastic and plastic properties of the mixture [1]. When a load is applied, elastic

materials deform with reversibility, while viscoelastic materials deform irreversibly. Asphalt
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mixture’s response is considered linear viscoelastic in the absence of damage [55]. This implies that
the deformation is directly proportional to the applied load which is not necessarily true for other
types of viscoelastic materials.

Asphalt at low temperatures is elastic, while at high temperatures it behaves as a viscoelastic material
with a time-temperature dependence on strain and stress [56]. Even at normal service temperatures,
asphalt can have some unique characteristics as a viscous liquid. Asphalt "flows" at high
temperatures, leading to ruts, while it fractures at low temperatures. Also, the stress rate influences
asphalt. For instance, at a small load rate, the asphalt is fewer stiffs and remains permanently
deformed at a high load rate which is stiffer and prone to fail. At any given strain rate of loading, the
material relaxes rapidly enough to prevent stress from developing in the test sample above a particular
temperature. Therefore, in a linear viscoelastic area, the stress is associated with the strain which is
solely determined by time rather than the rate of stress [57].

There are different experimental tests to characterise the asphalt under these conditions like
monotonic loading of both stress-controlled or strain-controlled tests, repeated load tests, creep, and
relaxation [58]. The creep test is used to determine the linear properties of the material [59]. The test
consists of applying a constant strain or stress on a sample, recording both stress and strain against
time.

The linear response of a material follows Hooke’s law [20] which represents the strain/stress
characteristics (e.g. stiffness) identifying critical stresses and strains and revealing its mechanisms of
failure. The stiffness of asphalt is a crucial value affected by many factors including stress state,
temperature, moisture, strain rate, and damage condition [1].

The stiffness or Young modulus of a material expresses the ability to resist deformation under tension

or compression and relates stress to strain [60].
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The young modulus is expressed as

{o}

[D] = — (1)
{e}
where, o is the stress tensor, ¢ is the strain tensor and D is the stiffness matrix defined as
1—v 0 0 0 0 0
0 1—v 0 0 0 0
0 0 1—-v 0 0 0
E 0 0 0 ! 0 0
——v
D] = 2 2
D] 1+v)(1-2v) 1 )
0 0 0 0 ——v 0
2
0 0 0 0 0 ——v

Where v 1s the Poisson ratio.

Equation (1) for an elastic material establishes that stress and strain are constant, and the material

relaxes instantly after the stress is removed, see Figure 7 (a).

As previously discussed, under the viscoelastic regime, the stiffness is directly influenced by the shift
of temperatures and loading conditions. For instance, the material under constant stress increases the

strain and after the stress is removed the strain return slowly to zero value, see Figure 7 (b).
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Figure 7: Creep test of elastic (a) and viscoelastic material (b)
The creep test under constant stress is described by:
o (t) = g, 3)
e(t) = & +&.(t) 4)
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where g, is a constant stress, and &, is the elastic strain totally recoverable and .(t) is the strain that

vary with time and recoverable gradually after the stress is revealed.

In case of a constant uniaxial strain, the equation (1) assumes a more general form as

o (t) = E(t)g, ®)

E(t) is the relaxation modulus.

Asphalt mixture and mastic are linear viscoelastic materials, in an undamaged state. To be linear, the
material must satisfy two conditions: superposition and proportionality principles. The
proportionality principle implies that solicitation and response are proportional. The superposition
principle consists of the additivities of the stress and strain at time t which means that the effect of
two separate solicitations acting at the same time t is equal to the sum of each solicitation at different

time t [61].

For example, a material undergoes two different stresses: o(&;) and o (¢e,) and two strains: &; and ¢,.

The superposition is mathematically expressed as

ole (D] + alex(D)] = aler(t) + &,(0)] (6)

Considering also that the stress and strain are proportional, if the stress is multiplied by a constant

B1oler(O)] + By alex ()] = oB1 &1() + B £2()] (7)
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Considering the viscoelastic material are history dependent the equation (5) became the followed

integral

t

d
o(t) = fE(t—E)d—z ds ®)

where o is the stress, € is the strain, t is the time, £ is an integral variable, and the relaxation modulus

E(t) can be expressed as Prony series through the generalised Maxwell model [62].
N -t
E(t) = E, + ineT_i ©)
i=1

where E, is the equilibrium modulus; E; the discrete relaxation spectrum and t; relaxation time, N is
the number of elements in the maxwell model.
The parameters E,, E; and t; in the equation (9) can be described using the storage modulus data

from the complex modulus.
E (w) = E'(w) +iE"(w) (10)

The E'(w) is the storage modulus and E"' (w) is the loss modulus which are the real and imaginary

part of the complex modulus E (w) in the frequency domain represented in
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w?T;?
E'(w) = E, ZE — 11
(w) = E, + T w2 (11)
wT;
EII —_— E 12
(@) = Z "1+ w?r? (12)

where o is the angular frequency; i is the imaginary unit.

The time-temperature superposition principle can be applied to the linear viscoelastic domain to
obtain the reduced angular frequency w,- and reduced time t,.. The master curves of linear viscoelastic
materials functions for asphalt mixtures and mastic are created using this value, by shifting the data

measured at different temperatures along a logarithmic time or frequency axis [61].

Wy = O A, (13)
t

t, = — (14)
aT'

The Williams Landel-Ferry (WLF) equation (15) provides the horizontal shift factor of test results

a,, also called time-temperature shift factor

Cl (T - tr)

1 = - — 7 15
Og aT Cz + (T _ tr) ( )

where C; and C, are the model parameters; and T is the physical temperature and t,. is the reference

temperature.
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2.5. Deterioration of asphalt
Pavement’s resistance to damage is influenced by many factors, including environmental conditions,
loading history, material quality, structural design, and type of maintenance [63]. Defects drastically
shorten pavement lifespan and increase maintenance and repair costs [64]. In this thesis, two main

deterioration factors are investigated: mechanical and environmental.

The mechanical factors are consequences of loading conditions such as tension, compression shear
mode and load rate and cycling solicitation, whereas the environmental factors are a consequence of
temperature fluctuation, water and ice exposition. Furthermore, these factors can happen
simultaneously. This thesis investigates three main damage mechanisms: cracking, rutting and freeze-

thaw cycle.

Asphalt mixture deteriorates due to cracking and rutting occurring at low and high temperatures. Both
mechanisms interest the aggregate mastic interface. The interface between mastic and aggregate has
complex physics and chemical properties. Different studies have highlighted the interface’s
vulnerability to different loading and environmental solicitation [65], [66], [67]. Several factors
influence the adhesion between aggregate and mastic. These can be separated into internal and
external factors [11], [68]. Internal factors are the characteristic of the single asphalt mixture
component like the shape and size of aggregate and the chemical properties of mastic and aggregate.
These internal factors influence the bonding between mastic and aggregate which is the ability of
mastic to adhere to the aggregate. For example, aggregate with a smooth surface adheres less to mastic
compared with a rough one, due to the limited surface area in contact with mastic. External factors
are the loading and environmental conditions such as temperature, moisture, compression, tension,

and shear stress [69].
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Moisture is one of the causes of premature failure affecting the interface which leads to other damages
such as ravelling, rutting, and cracking [7]. In asphalt mixture, ravelling is the result of friction
between vehicle tires and asphalt layers on asphalt pavement causing loss of aggregates from the
asphalt [70]. Rutting is a depression of asphalt surface along the wheel path due to strain accumulation
[71]. Cracking is a fracture which occurs within the asphalt pavement after the stress exceeds the
bearing capacity of the material [72]. In [7] experiments in dry and wet conditions were conducted to
study the impact of water at the interface. Researchers do not agree on the physics behind adhesion
with several theories presented in an attempt the explaining this. Among these adopted theories there
are mechanical theory, chemical theory [73], weak boundary theory, molecular orientation theory

[74], electrostatic theory, surface free energy theory.

2.5.1. Cracking
Cracking is one of the most important problems in pavement systems, and it may be caused by either
excessive traffic or temperature [75]. At intermediate temperatures, fatigue and durability cracking
occur in asphalt pavement are caused mainly by cycling load and poor gradation asphalt mixtures. At
low temperatures, asphalt pavement is brittle and thermal cracks are caused by thermal distress in
cold regions [76]. Cracking significantly reduces the ride quality which is further decreased due to
water ingress from the surface into the underlying soil layers [5]. This reduces pavement life and
requires more frequent pavement repair and maintenance. As a result, crack resistance is a critical
quality of any long-lasting asphalt mixture. Crack resistance is affected by the following factors:
design and construction quality of the mixture, ageing of the asphalt binder, and moisture damage

[77].
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The fracture mechanism of asphalt mixtures has been extensively studied in the last decades [72],
[78], [79]. Different theories have been presented such as elastic theory, strength theory, and fracture
mechanics theory [80]. These theories viewed the asphalt mixture as an ideal material (homogenous,
isotropic, and continuous) that fractures when the yield stress or strain is exceeded. For example,
Chehab et al [80] proposed a model including elastic, viscous and plastic components of asphalt
mixture for investigating loading rate, stress, and temperature. The model predicts fracture behaviour
with the help of digital images.

The main theory in engineering applications for crack representation has been proposed by Griffith
[81] based on global energy equilibrium to resolve the problem of crack initiation in a brittle material.
According to the Griffith theory, there are two stages of cracking [82]: initiation and propagation. As
shown in Figure 10, the crack initiation stage is the first step in crack development. Therefore,
studying crack initiation is essential in forecasting material failure.

In a 3D material body, when the stress locally exceeds the ultimate bearing capacity of the material,

cracks occur resulting in a fracture with a two-dimensional matching surface [15], see Figure 8.

Ultimate Stress at the crack tip

Go  Stress at the crack tip

Crack

Figure 8: Stress at the crack tip
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Crack frequently begins at the micro-scale, where the high stress and the large plastic deformation
weaken the area around the crack tips. Once the stress reaches the local bearing capacity, the crack
begins to coalesce into a macro crack and eventually becomes a fracture [81], see Figure 10. Cracks
can propagate within one material (cohesive) or at the interfaces between materials (adhesive) [83].
The cohesive and adhesive cracks release different surface energy respectively. Cohesive crack is
typical of viscous material and is time-temperature dependent [72]. The adhesive crack occurs at

interfaces and low temperatures [84], see Figure 9.

(a) (b)

Figure 9: Adhesive crack (a), Cohesive crack (b)

Researchers have developed fatigue crack initiation criteria that can be used for asphalt mixture
materials to implement the use of Griffith’s theory. For example, Luo et al. [85] employed Griffith's
theory when performing tensile fatigue test on asphalt mixtures with scattered cracks to create the
fatigue crack initiation criteria. Gao et al. [86] applied Griffith's theory to establish the appropriate
crack initiation condition for asphalt binders under fatigue shear load. The crack initiation criterion

is employed to compute the surface energy of asphalt binders. In asphalt mixture materials, fatigue
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fracture initiation can be studied using these models which provide descriptions of physical
mechanisms. In terms of the crack start criteria of asphalt mixture materials, the expressions differ
when comparing under tension, compression, and shear loading.

Experiments such as Semi-circular bending (SCB) test, Indirect tensile (IDT) , Brazilian test, provide
a different parameter to assess fracture mechanism, including fracture toughness, fracture energy,
tensile strength, flexibility index, critical value of the J-integral, and cracking resistance index [20].
These tests and parameters limit the evaluation of asphalt mixtures at macroscopic scale, while for a
better understanding of cracking phenomena it is required information at smaller scale.

For instance, Wu [84] investigated asphalt mixture fracture behaviour at low temperatures and
determined its fracture toughness. When studying the fracture process of asphalt mixtures, there are
several issues to consider such as [87] asphalts mixture with the same grade that have different
fracture properties due to larger aggregate inside the projected crack path.

The fast-reducing temperature causes cracks in the pavement due to the tensile stress in the structural
layer. At low temperatures, asphalt mixture physically hardens, and performance under stress
relaxation is reduced, while thermal tensile stress and external loading stress are increased [88]. Teng
et al [88] showed through numerical analysis the crack appears at the interface and mastic at high

temperatures and only at the interface between aggregate and mastic at low temperatures.

Crack start Crack propagation

Microcrack Macrocrack

Figure 10: Cracking
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2.5.2. Freeze-thaw cycle
Water ingress and extreme temperature fluctuations [89] in cold regions cause asphalt mixture to
degrade more rapidly, resulting in thermal stress [84], lower adhesion at the interface’s aggregate-
bitumen [90], and lower binder cohesion [91]. The freezing water in the pores increases the pressure
during expansion. The expansion of water under freeze-thaw cycles can also increase the number of
air voids in asphalt mixture which increases asphalt mixture permeability and, as a consequence, the

risk of freeze-thaw damage [89], [92], see Figure 11.

Figure 11: Freeze-thaw cycle
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When expanding water compresses a brittle mix, it increases the stress that accumulates rapidly
enough to form a crack. During melting, water permeates through the cracks, causing further damage
to the structure with additional freeze-thaw cycles, reducing the stiffness modulus [93], strain energy
[93], fracture toughness [94], and critical stress [94] of asphalt mixture. Sol-S&nchez et al [91]
investigated the long-term asphalt mixture properties for dense and open mixtures during freeze-thaw
cycles, demonstrating that void impacts performance. This study [91] investigated the influence of
long-term moisture influences for dense and open asphalt mixtures. Two trends are identified for both
mixtures: a strong decrease in mechanical performance within the first cycles, higher for the open
asphalt mixture, and the slowest decrease of performances in the latter cycles, higher for the dense
asphalt mixture. Therefore, dense asphalt mixture has a higher reduction of stiffness after 30 freeze-
thaw cycles in a cold region and heavy rainfall areas. The authors correlate the finding with the water
retained suggesting the open asphalt mixture is more appropriate for heavy rainfall areas.

During the expansion of water, cracks are created, forming and modifying new voids, as well as
altering the interior void structure [95].

Considering the material complexity, it is essential to use visual inspection and standard experimental
tests, as well as mathematical and numerical models to understand how the damage evolves.

Xu et al. [96] for example, utilised X-ray CT technology to assess the internal structure changes under
freeze-thaw cycles for three different asphalt mixtures. The contribution of X-ray CT scans, in [96],
was fundamental to understanding the different mechanisms of the internal structure evolution under
the freeze-thaw cycle. Analysing the different images after each cycle, the authors observed three
mechanisms of internal structure changes: 1) expansion of existing void, 2) coalescing of two or more
voids, and 3) creation of new voids. Furthermore, the three asphalt mixtures behave differently under
freeze-thaw cycles. The authors attribute the different internal structure changes to the aggregate

gradation. In addition, in [9], the void topologies and their modifications using CT scans are related
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to the loss of asphalt mixture characteristics to provide information for better asphalt mixture design
and address the loss of fracture resistance. Fractures and deterioration of the asphalt mixture are

caused by voids that change in size and shape.

2.6. Experimental test
Having a basic understanding of asphalt mixture mechanical and fracture properties is essential when
designing a pavement and evaluating its performance [97], [98]. There is a variety of tests proposed
in the literature for asphalt mixture, including the semi-circular bending test, three-point bending,
indirect tensile test, Brazilian test, and disc-compact test. These tests provide information on the

mixture’s strength and relative brittleness [99].

The semi-circular bend (SCB) method is one of the most widely used tests to investigate asphalt
mixture performance. The SCB test is also a means of understanding fracture mechanisms due to its
simplicity and good availability of theoretical basis [100], [101]. The SCB test follows the EN12697-
44: 2010 [102] standard which specifies the sample geometry, the support, and the loading conditions
but does not specify such variables as temperature or water. Stress, strain, fracture toughness, and

fracture energy are all factors included in the outcome.

For the test, a semi-circular sample of asphalt mixture with a notch in the middle is placed on two roll
supports. The monotonic load is delivered at a constant rate from the top of the sample downward
until the sample fails. In a three-point bending mode, this load causes stress in the lowest portion of

the specimen [103], see Figure 12.
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Figure 12: Semi-circular bending sample

The specimen becomes stressed under load which can cause a crack to propagate along the load
direction, particularly at low temperatures when the asphalt mixture is elastic. The stress and strain
values are recorded, and a graph is drawn to provide the stiffness value discussed in the above section

as well as all the other information calculated from it and discussed in the following part.

An asphalt mixture’s fracture resistance is evaluated using two parameters: fracture toughness and
fracture energy [104]. The fracture toughness of asphalt mixture is one of the key fracture
characteristics that can be used to analyse its fracture performance under various tests and settings
[14]. The fracture toughness index is a key parameter in determining fracture resistance capacity since
it represents the stress limit after which the fracture propagates through the material and is considered
one of the most important parameters for materials containing a crack [12], [13]. According to
traditional fracture mechanics, each mode of loading has a fracture toughness value per material, such
as tension, shear, and tear. Several testing methods have been developed to determine this parameter

[27].
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According to the standard used, it is possible to calculate the fracture toughness when the failure

occurs with the equation.

a
K = omax f (W) (16)
where 6,4, 1S the maximum stress at failure calculated as

4.263 Py

Omax = (17)

where P, 1S the maximum load at failure, D is the diameter of the asphalt mixture sample and ¢t is

the thickness of the asphalt mixture sample.

f (%) is a geometric function which is 5.956, for 9 < q; < 11 mm and 70 < W; < 75 mm. For other

a; and W; values, the geometric value is different for different specimen geometries and can be

calculated according to the formula presented as follow [49]

(ai) — —4.9965 + 155.58 (ai) 799.94 (a")2+21419 (ai)g
fW T U A\w W, N7

(18)

2709.1 (ai)4 +1398.6 (ai)s
1 (g 6 (w
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Previous research [105] discovered fracture toughness dependencies on parameters such as sample
thickness, loading condition, aggregate type and gradation, and support condition. The aggregate type
has an impact on fracture toughness; for example, in [106], the reduction in fracture toughness with
air void content is studied using two asphalt mixtures with the same amount of aggregate but different
types (limestone and siliceous), with siliceous showing the greatest fracture toughness reduction.
Additionally, asphalt mixture with more hardened bitumen has greater fracture toughness due to its
superior resistance to fracture while large aggregates are also more resistant to fracture. Due to the

repeatability of the test, it is possible to determine the influence of the mixture composition.

Asphalt mixture fracture performance can also be estimated using fracture energy and which is
calculated as the area below the curve stress/strain and express the energy released during the fracture

[102]. Equation (19) is used to calculates fracture energy

Gr = (19)

Gy denotes the fracture energy (I/m?), and Wy denotes the work of fracture (J), A;;4 represents the

ligament area (m?).

Ajg= r—a)xt (20)

where r represents the specimen radius (m), t represents the specimen thickness (m), and a represents

the notch length.
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According to the SCB test standard [102], the ligament area in front of the cracking tip is defined as
the product of the ligament length and the ligament width, where the width is 0.04 m, and the length

is 0.05 m.

Researchers have shown that fracture energy, rather than fracture toughness defines both crack
initiation and propagation [107]. It has been observed that the fracture energy is influenced by
material properties and loading conditions [108], and specimen geometry [109]. The fracture
toughness and fracture energy provide information about the asphalt mixture’s ultimate properties.
However, the propagation of cracks has not been studied. There has been little research in the

literature on fracture growth and propagation.

Several techniques such as digital image analysis are used to analyse the fracture growth which
required comparison with a gauge attached to the notch. This equipment measures the horizontal
length of the notch and compares it with a photo of the opening. However, these photos only show
the visible cracks on the surfaces. The following sections discuss other approaches to crack detection,
such as X-ray CT scan and a numerical model.

The crack velocity is the length of the crack divided by the time it takes to propagate and is used by

[110] to determine the fracture performances and given by

N (21)

Where v = velocity of the crack, Al = length of the crack, At =time
The fracture velocity has a positive correlation with the air voids content. Moreover, crack initiation
occurred along the interfacial aggregate border, and aggregate gradation did no effect on crack

velocity.
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Despite these tests provide valuable results to evaluate asphalt’s mixture mechanical and fracture
properties, they are time consuming due to complexity of compaction, manufacturing process, test
conduction and analysing the outcome. The literature lacks a reliable correlation between the
topology of asphalt mixture component and asphalt performance under different condition. Therefore,
understanding the correlation between the asphalt mixtures and its performances will improve the

design of the pavement.

2.7. Review of X-ray CT scan

Asphalt mixture has a complex mechanical response and fracture behaviour due to its heterogeneous
composition. According to the previous paragraph, experimental investigation helps in studying these
characteristics, but it is limited by mechanical interaction among components and damages.
Researchers have used CT scans to investigate the effect of asphalt mixture and its evolution under
different loads and environmental conditions [169], [111], [112], [113], [114]. The performance of
asphalt mixture and its damage can also be predicted by using a microstructural model based on the
actual microstructure. However, CT scans are expensive. To use computational methods (discussed
in the next section), a digital sample is required which can be acquired in two ways: discrete element
method using the random generation of asphalt mixture, and a realistic image based on asphalt
mixture’s tomography. Using discrete element software, the random generation creates a
microstructural model of asphalt mixture and predicts its performance through virtual testing [113],
[115], [116], [117], [118]. In general, this method has been used for a 2D model and with aggregate
with an unrealistic shape.

The image processing technique involves acquiring tomographic images of asphalt mixture to obtain
its structure. By using digital image processing (DIP), a three-dimensional model can be constructed,

and image analysis, such as fractal analysis of cracked asphalt mixture, can be conducted [114], [119].
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Comparing the reconstructed microstructures with random generation, the reconstructed
microstructure provides a better representation of an actual microstructure [120].

The growing availability of hardware in combination with the development of software tools explains
the recent growth and development of algorithms for analysing and interpreting huge data volumes.
Coleri and Harvey [17], [121] examined the changes in aggregate distribution and void angles to
identify rutting. They also looked at the effects of aggregate movement, porosity, and air-void angle
on the density and shear rheology of asphalt pavements. Moreover, Taesun [122] study the damage
distribution of asphalt concrete using the constitutive model of coupled thermo-viscoelastic, thermo-

viscoplastic, and thermo-viscodamage.

Qualitative 3D representations can be useful for seeing pore morphologies or the network structure
of the pores, or the location and extent of a fracture. However, a 3D quantitative analysis is essential
for sample comparison and data analysis. In addition to evaluating aggregate packing [123], fatigue
damage [124], and internal structure change under loading and freezing-thaw [125], CT scanning

technology also contributes to research on other asphalt mixture characteristics performance.
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2.7.1. Description of X-ray CT scan’s

Detector

X-ray source

Figure 13: Schematic representation of a typical CT system
Figure 13 shows the schematic representation of the CT scan process. The sample is positioned on a
rotation stage which is irradiated by an X-ray source that by passing through the sample reveals a
planar detector. The resolution depends on the sample size and loading angle influence; thus, to obtain
the best scan image quality and resolution, it may be necessary to section the sample. As a result, 2D
projection images on the detector are formed by projecting the X-ray cone beam onto the sample. The
sample is loaded sideways in this scenario to achieve the shortest material penetration distance as
well as several angles to enhance contrast, positioned at any angle. To minimise surface artefacts, the
sample’s flat surface must be maintained parallel to the X-ray direction. With non-destructive testing,

large cracks or faults are easily detected.

The X-ray CT scan settings require a bespoke setting based on the sample type and size. The scan's
purpose determines the optimised parameters. During the CT scanning procedure, the sample does a
full 360-degree rotation producing and recording between 500 and 4000 2D projection images. To
reconstruct the volumetric dataset, the images obtained from the CT scan are converted into a 3D grid

of volumetric pixels (voxels), where the brightness values correspond to the density of the material.
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For instance, denser materials are brighter in CT scans. Figure 14 shows a CT image of an asphalt

mixture sample with a close-up region showing particles, void spaces, and bitumen.

Figure 14: Asphalt mixture CT scan

In most cases, a CT result does not require additional work or further data processing. Observation

of images individually is enough to see a different part of the samples.

2.7.2. Topology of void and crack
An important use of CT is to assess the damage and visualise the porosity. Analysis of porosity or
damage information involves identifying pore spaces or voids in a material, as well as visualising and

analysing the porosity spatial distribution from a qualitative and quantitative visualisation, Figure 15.

A CT scan is limited by the available resolution [169]. A CT scan on a small sample can obtain a
better resolution, maximising the quality and allowing the observation of smaller components.
However, a small sample of heterogeneous material may lose information at a larger scale such as
macropore characteristics and gradation. Therefore, the resolution suggested by the technician is

critical to observe porosity and damage characteristics.
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The process of qualitatively inspecting porosity or damage in 2D slices is quite simple. For example,
the CT scan provides an image stack. Placing the sample in an XYZ reference and moving along the
axis allows us to observe the different components of asphalt mixture. Conversely, the 3D irregularity
and complex structure of the cracks and voids in the asphalt pavement indicate that investigation in
2D can be inaccurate [126]. Considering that, different methods have been used to identify and
reproduce 3D structure parameters. Lin et al. [127] used CT scanning images to build 3D models to
evaluate voids in asphalt mixture using self-innovated software. Stereology [128] is a technique for
determining porosity that is frequently used in 2D sections [126] and image analysis. Kim et al [46],
employed CT slice pictures for this stereological procedure in their investigation. The CT virtual
slicing method minimised errors and allowed a stereological comparison. The result revealed
differences in porosity between slices, requiring a minimum of ten images to produce satisfactory

results using the stereological approach.
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(b)

(d)

c)

(
Figure 15: Asphalt mixture CT scan: pore analysis, top (a), front (b), left (c), perspective (d)
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Quantitative analysis involves selecting pore spaces by image segmentation and delineating the
margin between porosity and material using thresholding. After segmentation, a great deal of
additional information is included beneath the visual representation of pore spaces in Figure 15.
Quantitative analysis can determine the total volume, the surface area, the roundness, the circularity,
the tortuosity, the Euler number, and the position and can project the area in all three axes and other

parameters providing statistical analysis of the voids space [169].

2.7.3. Material detection
The CT images of asphalt mixture can be segmented into three parts based on the three components
(voids, mastic, and aggregate) of asphalt mixture [111]. To correctly delineate and assign the sample
it is necessary to use image segmentation. A limitation of a typical CT is that no differentiation is
identified between different chemical species and ultimately, the unique brightness of each material
is determined by the physical density. As a result, despite their chemical differences, different
materials may result in similar grey values. In theory, it is possible to do the image segmentation
between most materials using good resolution, although noisy data sets can interfere with the
segmentation accuracy. The segmentation process is subjected to error due to the human choice of
threshold, which could be wrongly selected or modified during analysis. A greyscale calibration can
be used to determine CT density, allowing physical density measurements to be obtained directly
from scan data. However, it requires greyscale recalibration after every scan-parameter change or
variation in the CT system’s intensity. To identify and separate each part of the asphalt mixture, an
effective image segmentation process is necessary [8]. There are four steps in image segmentation:
converting the image into greyscale (RGB to Gray), median filtering, contrast enhancement and
threshold segmentation [129]. Grey-value calibration is usually required a reference object

(phantoms) in the same scan along with the object being investigated. For example, Figure 16 shows
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the separation of the different components such as aggregate, water, and air/voids. Due to its low
attenuation coefficient for X-ray radiation, water identification has represented a challenge when
analysing the presence within the material. As indicated in [111], the use of tracers in water in
conjunction with photographs of saturated and dry asphalt concrete may be more effective for the

investigation of water evaporation [130].
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Figure 16: Asphalt mixture CT scan: components

2.7.4. Damage detection
Cracks are the most common observable structural damage in asphalt mixture [131]. Damage can
also be caused by surface degradation, such as freeze-thaw damage, and internal swelling [112],
[132]. X-ray CT has been used to detect asphalt mixture deterioration in the past, but the studies have
been limited to experimental studies rather than in situ investigations. X-Ray CT is used for damage
assessment and measuring crack tortuosity [111], in addition to deterioration under the freeze-thaw

cycles as measured in [133]. With X-Ray CT, the interior breaking can now be visualised, as
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illustrated in Figure 17 [134]. X-Ray CT can be used to detect the growth of the pores inside as well
as their connection. X-ray CT scan helps find whether a that damage occurred inside or outside the

object.

Cracks

Figure 17: Asphalt mixture CT scan: Damage

2.7.5. Digital reconstruction of sample
Computational studies are frequently used for material properties forecast, analysing the structure
properties, and learning how a material behaves. Simulating properties allows to adjust the degree of
complexity and analyse one property independently, saving costs compared to experiments. However,
simulations are often too computationally demanding or even impossible to run. Fortunately, both
concerns are continually being addressed since CT provides enough detail to refine models using
actual morphological inputs. In addition, computational resources have continually improved in

recent years and will continue to provide a more efficient tool for analysis.

Mechanical simulation is one of the popular studies that used CT data and it is examined in more

detail in the next chapters. Based on high-resolution CT images, micromechanical simulations of
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structural mechanics can identify areas of potential failure and fracture formation around and between
pores and aggregate [135]. Due to CT's resolution limitations, microscopic voids and small void
connections and aggregate are undetectable in CT images, but bigger voids and the connection among

them, such as in the asphalt mixture, can be evaluated.

2.8. Modelling

2.8.1. Numerical Modelling methods
The researcher [99], [100], [101] used various experimental tests to obtain a different range of
mechanical and fracture characteristics of an asphalt mixture. These tests have pros and cons: the pro
as in having a long-standing reputation of reliability, and the cons as they require expensive sampling
and laboratory testing equipment as well as require a long time to complete. Due to the multiple
mechanisms involved in fractures, such as microcracks, heterogeneities, grain boundaries,
dislocations, and anisotropies, it is also difficult to analyse the mechanical and fracture properties

using an experiment.

Computational models are efficient ways to solve the limitations of experiments. Asphalt mixture
performances have also been determined via other studies aside from experiments and field tests.
However, modelling the mechanical response and fracture behaviour of real materials is exceedingly
complicated [20]. The interacting phases, the formation of micro and macro-cracks, and the
propagation of cracks are all contributing factors in modelling asphalt mixtures [65], [66], [67].

Through studying different types of asphalt mixture and load conditions by computer models,
researchers proposed characterisation equations to predict the behaviour of pavements in
deformation. The following part summarises the main numerical model applied in the construction

field highlighting the advantages and limitations. Numerical methods are divided into two categories:
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discrete model and continuum model. These models include Discrete Element Methods (DEM) [20],
Finite Element Methods (FEM) [88], Lattice Spring Model (LSM) [22] and Peridynamic (PD) [29]

which will be introduced in the next section, see Figure 18.
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Discrete Element Model

Finite Element Method Peridynamic

Figure 18: Simulation models: DEM, FEM (mesh based) and Peridynamic (mesh-free based)

To simulate the movements and interactions of stiff particle assemblies, Cunnall and Strack [136]
developed a DEM representing bodies as discrete particles. The geometry and the mechanical
interaction between particles can be represented in several ways. Buttlar et al. [24] use a polyhedron-
based model to produce particle geometry, while [116] compute it using image-based models.

Khateeb et al. [137] use DEM and image processing techniques to model the fracture resistance of

55



asphalt mixture. Nevertheless, rheological and fracture models of solids at different length scales can
be difficult to implement in DEM. In addition, DEM’s reliability depends on the accuracy of the input
parameters (contact model) and the selected particle properties parameter chosen, which constituted

a limitation on the effective application of the model [138].

The finite element method (FEM) is one of the most used numerical methods based on the partial
differential equation of the classic continuum mechanism [88]. FEM, usually requires rigorous
experiments under a variety of conditions, evaluating the material's macroscopic response, and fitting
the mechanical responses with the continuum-based constitutive models. The finite element method
is suitable for modelling structures with complicated geometries and diverse materials since it is
robust in calculating stress fields. Each pavement component requires a bespoke modelling of the
deformation behaviour [139]. The model provides a rigorous theoretical solution process to predict
performance in a brief period and reduces computational expenditure. The results accuracy of the
numerical techniques depends on the qualities and precision of the mechanical and fracture material

used in these models which are frequently assumed rather than quantified.

FEM has the disadvantage of not explicitly examining the micromechanical behaviour of the mixture,
making it difficult to correlate the tests result to the micromechanics of the material. The model is
incapable of distinguishing dissimilarities at different scales and capturing specific fracture
phenomena.

Mesh dependency is another common issue in FEM damage simulations [140], [141], [142]. The
authors in [142] applied careful meshing around the crack tip avoiding the error in calculations. The
FEM models the singular stress field of a crack by using a very fine mesh near the crack tip [143].
Special attention must be applied to eliminate mesh reliance when grids are refined. It can be
alleviated to a part by giving different length scales. It is evident that in the FEM continuum classic

model, a point is influenced by the nearest point. As a result, there is no internal length parameter
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separating the various length scales. Furthermore, the classical continuum theory predicts no
dispersion, despite opposite experimental evidence, leading to several investigations to address these
weaknesses. The fracture must be predicted, and the assumptions make it impossible to investigate
the damage. For instance, in [144], the authors studied the fracture performance using a 3D FEM
model generated from CT scans of the asphalt mixture. Fracture behaviour was simulated by adding
a conventional solid element where the phenomenon is predicted to occur. Despite this consideration,
the simulated crack propagates as a straight line, contrary to observation during experiment [87] that
indicates a twisty path propagation of cracks. In addition, in [16] the authors studied anti-cracking
performance using a developed FEM model with polygonal random aggregate. The cohesive elements
were added in aggregate, bitumen and interfaces. The cracks appear in the same location as the real
asphalt mixture and propagate as a straight line as in [144]. As a result of this divergence between the
simulation and experimental cracks, the fracture energy error between them was 22.9% for a 10 mm
notch. The difficulties associated with modelling dynamic fracture processes are numerous; for
instance, cohesive FEM or the XFEM need a damage criterion to determine when to branch the crack
in addition to tracking stress around the crack tip.

The cohesive zone model, developed by Dugdale and Barenblatt [145], has grown popular among
many other fracture criteria and has been adopted by Xu and Needleman [146] with the addition of
cohesive zone features. Cohesive zone elements are placed between neighbouring in the mesh [147]
to ensure crack traction across fracture surfaces after crack propagation, see Figure 19 (a). During the
simulation, the fractures can take any course along the intersections of adjacent pieces. This technique
removes all constraints associated with having a pre-determined crack path. Fracture paths, on the
other hand, are very sensitive to mesh texture and alignment. Models of cohesive zones consist of
discrete surface elements positioned between continuum regions. This results in the material reaction

exhibiting both regular and cohesive zone elements, even though the cohesive zone elements are used
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only to create fracture behaviour. As the mesh size decreases, the number of cohesive elements
increases, while the size of the continuum area is the same. As result, as the mesh size decreases, the
material properties soften. Mesh texture also produces anisotropy.

By utilizing the XFEM method introduced by Belytschko and Moes et al. [142], considerable progress
has been made recently towards solving these problems. The XFEM can be used for crack growth
and coalesces without remeshing [148] and through finite elements, cracks can pass anywhere with
no restrictions on the direction of the new surface created by cracks, see Figure 19 (b) [149]. A priori
information about how the solution behaves near discontinuities is incorporated into this method
including damage models and branching criteria [150]. The approach reduces the additional degrees
of freedom by only adding the nodes representing the elements that are divided by cracks. The
elements that are adjacent to the crack tip are partly enriched and cannot be partitioned by unity,
according to Zi et al. [150]. This leads to inaccurate solutions for the blending region. However, it is
not known whether the method can be applied to situations involving fragmentation, multiple crack
interactions, branching, and coalescence. XFEM was used in [151] with a heterogeneous model of
SCB asphalt mixtures at -10 °C and 20 °C. Cracks occur realistically and the error is lower than
observed in [16]. However, XFEM required a large cohesive element in the area of the predicted
cracks. Other finite element techniques to model cracks and crack growth without remeshing includes
the incorporation of discontinuities, a moving mesh, and an enrichment technique with minimal

remeshing [152].
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(a) (b)
Figure 19: Representation of crack propagation using FEM: (a) Cohesive zone model; (b)

XFEM model

A classical continuum mechanic’s equation of motion involves a differential equation that does not
involve the derivatives associated with spatial displacement undefined in discontinuities [153].
Accordingly, classical continuum mechanics’ solution forecast infinity in stress at the crack tips
[153]. Therefore, the damage is treated separately by introducing an external criterion which is not
part of the equations for the classical continuum mechanics. Additionally, the displacement field may
be continuous before the damage is initiated but discontinues afterwards. Hence, in the context of the
classical continuum mechanics model, the damage propagation and initiation required different
treatments.

Simulation using the lattice spring model appears to be more effective than methods developed from
classical continuum mechanics and overcomes the difficulties encountered in the methods [22].
Models of lattice springs represent materials consisting of discrete elements that interact through
springs, or, more generally, rheological elements [154]. Lattice points can interact in either a short-
range (local) with the nearest neighbours or via a long-range (nonlocal) by including far more
neighbours [22]. In addition, there are several types of lattices such as triangular, square and

honeycomb and they can be periodic or disordered [155]. These different lattices have directional
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dependence upon elastic properties. Therefore, the interaction forces of one lattice differs from

another type making it unclear to choose which is the best for specific problems.

2.8.2. Peridynamic

Silling [29] proposed the Peridynamic (PD) theory to resolve the restrictions and to accurately model
and simulate dynamic fracture by using a meshless numerical approach based on the nonlocal
continuum.

“Peridynamic” is derived from the Greek mepi (peri) meaning “nearby,” and dvvopug (dynamics)
meaning “force” [156]. Peridynamic uses the concept of the horizon to describe nonlocal interactions
among material points within it [153]. The concept of Peridynamic extends to the continuum scale,
so it can explain for example what happens physically at an atomic scale.

Peridynamic uses integral equations instead of differential equations. Peridynamic theory relies on
nonlocal interactions between material points to explain internal forces, in which damage is a
constitutive attribute model. Dissimilar materials have special properties at their interfaces, and
damage can propagate where and when the conditions are favourable for it. This theory can replicate
the micromechanics behaviour of materials and reproduce damage without the need for remeshing.
Furthermore, the material failure incorporated into its constitutive relations does not require criteria
for crack propagation or crack branching. Cracks are generated by an automatic bond-failure criterion
that correlates with the energy release rate of the material and takes place spontaneously in this
method. Many problems have been predicted using the peridynamic theory. Additionally, a new
constitutive model is developed by Silling [30], [31] for viscoelastic and plastic materials. To link
different length scales, peridynamic theory has been revealed to be a promising approach, with the

benefit of being more realistic than the classic continuum theory since it considers material failure as
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an inherent element of mechanical performance without relying on any external damage criteria
[153].

This technique has been used to solve many static and quasistatic problems. Zaccariotto et al. [157]
implement PD for static crack propagation problems. Shou et al [158] studied for polymethyl
methacrylate (PMMA) specimens subjected to uniaxial compressive load the initiation, propagation,
and coalescence of 3D pre-existing defects. Coupled formulations have been developed using PD to
analyse thermal problems [159], diffusion [160] and porous flow [161].

In the peridynamic formulation, forces are integrated at a material point, linking deformation and
force rather than strain and stress [29]. Hence it does not have the same types of numerical
inconsistencies as classic continuum mechanics.

Peridynamic can be divided into two categories: (i) The Bond-based Peridynamic, in which force
depending is limited to a single bond and hence has a fixed Poisson ratio of 0.25 in 3D and 0.33 in
2D and (ii) the State-based Peridynamic approach, which is developed to overcome the limitation of
a fixed Poisson ratio, in which a particle’s overall state within a material horizon determines the forces
that bind two bonded elements, not just the single bond.

In this study, the simulations are based on the state Peridynamic models only, although the bond-
based model is briefly discussed.

In the Peridynamic theory, see Figure 20, a non-deformed body, B, consists of a lattice made by
particle P connected by bonds among them. For each particle is assigned a position x in the initial
reference status for a non-deformed body, B, and for another particle P’ a position x'.

Based on this reference configuration, the relative position vector of these two particles is defined by

€ as follow

e=x"—x (22)
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When a body is deformed, these particles have a different position in the body.

Therefore, the particle x assumes the new position y.

The relative displacement vector u of x is

U=y—x (23)

In the same way, the particle P" displacement vector u' is

u =y —x' (24)

The relative displacement 7 is identified as

n=ulx",t) —ulxt) (25)

The particles position in the deformed body are represented by the vector € + 7.
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Figure 20: Deformation of the bond represented in [17, 18, 19, 20] and relation with the

reference state €, the deformation state n and the displacement state U

In addition, € also represent the bond which need further descriptions.

Peridynamic posits that a bond that extends over a finite differs fundamentally from classical theory
which relies on contact forces for its concept. According to the bond based Peridynamic theory, the
force between two particles is unaffected by the states of the overall particles’ and depends only on
their own state. The force acting between particles is the pairwise force f depending only on the

reference state of the body influenced only by 7, € described in (22) and (25).

f(n,€) (26)

In a horizon, particles x and x’ are joined in a spring-like manner, corresponding to their mechanical

properties. Particles x and x' are affected by the force:

E+n

] @1

fme) = f(n,e)
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According to the latter equation, the vector of force between the particles is parallel to their current
relative position.

Pairwise force describes the interaction among the material points which contains information
associated with the constitutive properties’ material. But the pairwise force must follow the linear and
angular admissibility conditions which Silling examines in detail [29].

Therefore, the pairwise force f has these properties:

The first properties derived from conservation of linear momentum

f(—77' _S) = f(77' S) ang (28)

The second properties derived from conservation of angular momentum

e+ mx f(n,e)=0Vn,e (29)

Therefore, the response functions are nonlinear.
The f in the bond based peridynamic is not function of the time and it is not for plasticity or viscosity.
The interaction between particles is given by the governing equations in Peridynamic defining the

particle’s acceleration at the time t and in the reference configuration at the position x is found from

p)i(x,t) = | flulx',t) —ulx,t),x" —x)dV' + b(x,t) (30)

Hy

where p(x) is the density of the material at x, G is the acceleration of x, H, is the spherical
neighbourhood of x containing all nodes x" within the horizon &, f is the pairwise force at time t,

dV' is the infinitesimal volume; b is a body force density field.
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The equation (27) and (30) describe the peridynamic model for a nonlinear micro-elastic material.
The formulation does not allow rigid rotation because ||e + n|| is invariant under rotation of the body.
Hence, these formulations are a simplification for many materials because result in fixed Poisson
ratio of 0.25 for a 3D and 0.33 for 2D. Furthermore, in continuum mechanism the force is a stress
tensor and the pairwise force function limits the use of peridynamic. In addition, this method does
not include viscoelasticity or plasticity.

Therefore, introducing the concept of “force state,” which is close to the idea of stress tensor, the
method is improved in a new Peridynamic model called State based Peridynamic.

The state is defined with the convention used of the angle bracket (-). As a generalization of a second-
order tensor, vector states are operators whose images are vectors. An operator whose image is a
scalar is also known as a scalar state. The governing equations in state based Peridynamic is like the

bond based and given by (31)

p()ii(x,t) = | {T (x, )(x" —x) — T(x', O){x — x")}dV’ + b(x,t) (31)

Hy

The force is defined differently with the state and is given by T (x, t){x’ — x), the force vector state
field at time t is the force vector per unit volume squared that particle x applied to the particle x" and
called bond holding all interaction for all (x" — x).

The relative position vector state ¢ in the reference configuration of these two particles is given by

X(x'—x)=x"—x =¢ (32)

Where X stands for the reference state that maps all bonds in an undeformed body, B,,.
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The relative displacement vector state U associating the bond by

Ulx' —x)y =ulx',t) —u(x,t) =n (33)

The deformation state Y, mapping all bonds into its deformed image, B, Figure 20, is given by

Y=X+U=y —-y=e+n (34)

The equation (31) is integrated over the “horizon” (theoretically it can be infinite but, in practise it is
finite). The horizon is a portion of material where the particles are interacting with each other, see

Figure 21 .

Horizon

Figure 21: Schematic view of bonds within the horizon
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The horizon is assumed to be a positive number unable to identified particle beyond this horizon as

lel > & - f(n, &) Vn,¢ (35)

The choose of the horizon is linked with the intrinsic material length-scale. In many case the
microstructure, boundary and loading condition led to impractical value of length-scale. In such cases,
the user selects the horizon according to convenience, usually is chosen three time the lattice distance.
Peridynamic solution converges to the classical elasticity solutions in the limit of the horizon going
to zero.

The force scalar state for the linear elastic model is given by [29]-[31]

3k6

t=tl+tl= ""wx +aw e (36)
t=t+tl=—owx +taw

Where t* and t¢ are respectively the scalar volumetric and deviatoric state, k is the bulk modulus, @
is the influence function called also scalar weighting function with argument the bond vector ¢ in the
reference configuration [31], x is the reference position scalar state defined as x (¢) = ||¢]|, m is the

weighted volume defined as m = (w x)-x, 6 is the scalar state volume dilatation of the

neighbourhood H defined as 6 = %(g x)e, the extension scalar state e is defined as ||Y|| — [|X]|,
therefore e is e! — e which e’ represents the spherical extension state as @.ﬁ is the scalar
o1xll

deviator state part of the bond elongation defined as e? = e—— and a is related to the shear

modulus G as
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o= 156 (37)

The visco-elastic peridynamic model [30] describes the viscoelastic material according to a standard

linear solid, schematised in Figure 22.

Qoo
o—— 5
o Ni
o db(i)
ed g

Figure 22: Standard linear solid model for visco-elastic peridynamic solid models

The scalar extension state e is divided into spherical part and deviatoric parts, standing respectively
for the isotropic expansion and the deviatoric part. The latter part is made by elastic e*¢ and back

extension e**® parts

el =ed + W (38)

According to the last equation, the scalar force state t is given by

3k6

b=ttt = 20 x + (@ +apet — awe®®) (39)

| ()
Q
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The elastic parameter « is described as follows

a= a,+ a; (40)

A 1S the elastic part and a; is the relaxation moduli.

Normalising the relaxation moduli a; as

(41)
ap = a i
Substituting (41) in (40) the elastic a, is
A = a(1—21;) (42)

Where A; ranges between 0 and 1. When 4; is close to 0, the model is elastic, and when it is close to
1 is viscoelastic [30].

The evolution equation of the scalar deviatoric force back extensions’ dash poth is given by [30]
-t
t4(t) = ed <aoo + a'l-eflb> (43)

Where 77 is a time constant.
The advantage method of Peridynamic for damage is the introduction of a breakage condition

depending on the critical relative elongation, s, of bonds between material point at which they break.
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The critical value s, for brittle materials derives from fracture energy for a particular material which
is obtained from experiments.

Due to the sequential breaking points, Peridynamic crack form as surfaces between material points.
The method does not require recording the cracks, unlike the continuum methods. In addition, no
initiation crack criteria are required for damage such as branch, change direction, turn and coalesce.
Additionally, Peridynamic can generate cracks spontaneously where none previously existed. For
instance, in [162] its application is demonstrated for crack nucleation.

For elastic material, the energy stored within each body can be reversible at a critical energy release
rate. Peridynamic relates the critical energy release with the damage. The energy can be associated

with bonds and each of it has a micro potential w(s) and defined as

f@n,e) = Z—:}V(n, &) v, ¢ (44)

The micro potential is correlated to the strain energy which is the energy per unit volume in the body

at a given point given by

W= - fw(n,s)dl/’ (45)

The % indicates the bond is shared between two particle and therefore energy.

The strain energy density measures the potential energy stored per unit volume when the material is

deformed.
For an isotropic material, c(g) depends only on the bond length, ¢ = |¢] .

Bond failure is introduced to model fracture based on the bond's stretch, Figure 23, as defined by
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This definition allows a breakage of bonds after it is stretcher over limit fixed.
f=cs (47)
c is the spring constant.
1- [, u(xte)dv,
p(x,t) = . (48)

o

where u is the damage function which is history dependent and it takes a value of O or 1, i.e.

A J

Figure 23: Bond related with the displacement
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Where 0 is the unbroken material and 1 is a complete bond breakage, see Figure 24.

Horizon

Figure 24: Schematic view of broken bond

Therefore, damage is calculated as the fraction between the number of broken bonds and the number
of initial bonds.

The breaking of the bond reduces the load sustained and thus lowers the stiffness. The result may be
the spread of damages to the entire body and the creation of a coalescing of broken bond across the

surface.
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The force state derives from the strain energy density as follow:

Substituting (46) in (47), we obtain

fooc lIn + ell — llell (50)

llell

The strain energy density is rewritten as

2 s%¢

2
=c — 51
- =c— (51)

=

w=2¢C

N

And substituting in equation (45)

1 . mcs?s?
w=3 [waoww =52 2)

Hy

Considering that in classic continuum theory

9k s?
W= 222 (53)

Combining (52) and (53) results

18k

- — (54)
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The critical stretch, s,, is related with bond energy. Indeed, two halves of body completely broken

needed a breakage of all bonds.

s0
w(e) = f f(s)eds (55)

To evaluate the integral, it is used the spherical coordinates, see Figure 25. Considering equation (51),

the work G, needed for the break of bonds per unit area is

(56)

Figure 25: Energy of bond G,
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Solving the integral equation (56) for complete separation of the two halves of the body, the energy

per unit fracture area is calculated as

255
T C Sy

= 57

0 0 (57)

In brittle materials, the energy release rate can be measure, (57) can be used to determine s, under
the assumptions that fracture surfaces are completely separated and the absence of additional
dissipative mechanisms near the crack tip. Solving (57) for s, and using (54) leads to the critical value

Soo IS defined as [153]

51t G (58)

It is important to note that a bond is broken when s is greater than a critical value sy, making the
model history dependent. The value of s, varies during the simulations as the damage of the bonds is
updating.

The damage criterion is better modelled by having the value be variable for materials like mastic
since it is an independent parameter from other conditions, like compression. Therefore, the damage

criterion is better modelled if the value is variable as follow

So(t) = Soo — ASmin(t) (59)

Where s, is a constant and s,,;,,, the current minimum stretch among all bonds connected to a given

material point [153]
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Damage is therefore modelled in terms of irreversible breakage of interactions in the constitutive
model. Each material point’s displacement, together with the distance between each material point,
is calculated and monitored during the solution process. Compared to classical continuum-based
methods, damage in the material is thus simulated in a better and more realistic manner. As a result
of broken interactions aligning along cracks, the deformation may appear discontinuous across these

cracks, while the integral equations remain valid.

2.9.2.1.  Short range

Using the Peridynamic formulation, the particles are connected through bond forces via a predefined
bond configuration within the horizon defined in Equation (31). Particles without bonds are therefore
free particles that do not interact. Occasionally, the bodies may initially be positioned farther apart
than the horizon, but eventually, come into contact. As part of the Peridynamics, short-range forces
are employed to resolve contact forces [153].

To prevent penetration other than physical, repulsive forces are experienced between approaching
bodies during the short-range contact approach. This approach determines the interaction between
two points based on their positions relative to each other. Therefore, it is capable of handling large
deformations as well as high-velocity impacts [153].

An approaching body makes contact when its relative distance from one of its materials points
exceeds a predefined distance. The predefined contact distance of a model is normally chosen to be
less than or equal [163] to the lattice of the whole model, to avoid contact turbulence. Therefore,

short-range force is assigned between the particles and defined as follow
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fe) = m

Cs
min {0, (Iln + ¢l - d)} (61)

where c; is the stiffness.

The stiffness is 15 times the bulk modulus k of the impacting body [163]. The short-range force is

only repulsive as defined in (61).
d, is the contact distance that defined the condition if the contact forces are established among
particles (62).

dy, = min{0.9 ||x" —x||,1.35 (s + ')} (62)

where 15 is defined as the particle’s radius which is half of the lattice constant.
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Chapter 3

Methodology

The literature review revealed that there was no computational study using Peridynamic to model the
mechanical and fracture properties of asphalt mixtures. This chapter illustrates the research
methodology and modelling concepts used to generate the framework. The methodology was
structured into following five parts, (Figure 26): experimental test on asphalt mixtures and mastics,
Computational Tomography (CT) of asphalt mixture samples and image elaboration, creations of

digital asphalt mixtures, simulation using Peridynamics.

* Asphalt mixtures and mastics preparation

* Freeze-thaw cycle test method

* Semi-circular bending test of asphalt mixtures
and mastics

A 4

Experimental test

* Image acquisition
* Image processing: topology of voids

A 4

CT scans

* Input parameters for LPS and VES

Y * Dense, porous and semi-circular asphalt model
Creation of the digital models * Porous asphalt model

* Additional digital asphalt mixture

* Freeze-thaw cycle model

b

* Simulation using LPS
* Simulation using VES

Simulations >

Model validation » * Experimental and Simulation results compared

Figure 26: Methodology flow chart
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3.1. Experimental test on asphalt mixture and mastic

To understand the influence of air void content, aggregate gradation, temperature and Freeze-Thaw
cycles on the mechanical and fracture properties, different types of asphalt mixtures, namely: dense
(3-5% void content) [91], semi-dense (10-13% void content) [164] and open (14-21% void content)
[91] were manufactured. In 5.2, the methodology illustrates the asphalt mixture’s preparation and
testing. To obtain the input values for the peridynamic model simulations, mastics were manufactured
with the same composition as the asphalt mixtures. In 6.3, the methodology illustrates the asphalt
mixture and mastics’ manufacturing procedure. The asphalt mixtures and mastics were evaluated at
-10 °C and 20 °C to obtain their mechanical and fracture properties. For each type of asphalt mixtures
and mastic, four samples [183] were tested at -10 °C and 20 °C. The temperature of -10 °C was the
lowest available in the laboratory and lower enough to consider the asphalt mixture as elastic [56]
and 20 °C is the highest suitable temperature for the test equipment. For higher temperatures the
Hamburg wheel tracking test (50°C) is suggested. In 5.2.3, the methodology paragraph illustrates the
semi-circular bending test procedure.

The asphalt mixtures were subjected up to 20 freeze-thaw cycles. According to the experimental result
and topology of void analysis, further freezing cycle were not provide any changes on the asphalt
performance and on the internal structure evolution. A similar observation to other studies [91], [96].

In 5.2.2, the methodology paragraph illustrates the freeze-thaw cycle procedure.

3.2. Computer Tomography of asphalt mixture and image elaboration
The asphalt mixtures were selected with the lowest air void content error according to [165] and
scanned using a Phoenix v|tome|x L 300 micro-CT scanner. The utilised image resolution was
selected to visualise the water content and to distinguish it from mastic. The procedures are discussed

in Chapter 5 and 6. The images were elaborated using VG studio max [166] to separate the asphalt
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mixture’s components such as aggregate, mastic, water and voids and to identify cracks and internal

structure changes. The CT images stack is automatically thresholded to convert to binary, where the

black areas represent the voids and white areas represent the aggregate, see Figure 27.

Air void

Threshold value

Solid

A

Counted number

AN

Pixel value

Figure 27: Histogram of pixel value

The stacked asphalt mixture’ CT images and the individual identified, and isolated components were

analysed with open-source ImageJ software (v1.8.0) [167] to determine the voids and aggregate

topology and cracks. The topology of voids was calculated using Fiji’s particle analyser plugin in

ImageJ. The procedure is further described in Chapters 5 and 6.

3.3. Creation of the digital models

The asphalt mixture’s component images for dense, porous and semi-circular asphalt mixture

obtained with VG studio max [166] were processed using MATLAB. The MATLAB script converted

the pixel in each image into coordinates. The images of the aggregate, void and water were uploaded

to the script, which identifies the pixel position in the images assigning the type of material and

coordinates. The results were compiled into a text file that includes all information needed by the
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simulation software (LAMMPS) and the model used. Additional digital models were obtained with
MATLAB filling partial voids with mastic or ice particle. In 6.3.3, the methodology describes the

additional digital model production procedure.

The input parameters required for the simulations were calculated from the experimental results on
mastic at -10 °C and 20 °C, the aggregate and interface values were obtained from the literature. In

Chapter 6, the methodology describes the procedures to obtain the peridynamics input parameters.

3.4. Simulation
The compression test is conventionally used to obtain the stiffness and the strain at cold temperature.
The semi-circular bending test is used to obtain both mechanical and fracture properties of asphalt
mixture at cold and high temperature. The compression and the semi-circular bending test were
simulated to assess the model’s ability to replicate respectively the asphalt mixture bearing capacity.
The compression and semi-circular bending tests were replicated by placing the digital sample in a
simulation box. The compression test simulation was performed on a thin plate asphalt mixture
model. The In Chapter 4, the methodology describes the model procedure and data analysis. The
semi-circular bending test simulation was performed on a 3D digital asphalt mixture model. In

Chapter 6, the methodology describes the model procedure and data analysis.

3.5. Model validation

The peridynamics model was validated by comparing the result of the experimental test on the

bitumen beam at -10 °C with the simulation results (Chapter 4).
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The developed digital asphalt mixtures were validated by calculating the relative error between the
experimental and digital sample air void content (Chapter 6). The peridynamics models were

validated by comparing the result of the experimental test on asphalt mixture at -10 °C and 20 °C.
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Chapter 4

Combined peridynamics and discrete
multi-physics to study the effects of air
volds and freeze-thaw on the mechanical

properties of asphalt

In this Chapter the Peridynamic and Discrete Multi-physics model is used to simulate the asphalt
mixture performance under compression at low temperature and freezing condition. The process to
obtain the digital sample from CT scan is provided. The simulation of bitumen at -10 °C is carried
out as validation of the approach. The capabilities of the combined models to simulate asphalt

mixture’s mechanical and fracture properties are investigated.
This chapter has been published in MDPI as:
D. Sanfilippo, B. Ghiassi, A. Alexiadis, A.G. Hernandez, Combined peridynamics and discrete

multiphysics to study the effects of air voids and freeze-thaw on the mechanical properties of asphalt,

Materials (Basel). 14 (2021).
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Abstract: This paper demonstrates the use of peridynamics and discrete multiphysics to assess mi-
cro crack formation and propagation in asphalt at low temperatures and under freezing conditions.
Three scenarios are investigated: (a) asphalt without air voids under compressive load, (b) asphalt
with air voids and (c) voids filled with freezing water. The first two are computed with Peridynam-
ics, the third with peridynamics combined with discrete multiphysics. The results show that the
presence of voids changes the way cracks propagate in the material. In asphalt without voids, cracks
tend to propagate at the interface between the mastic and the aggregate. In the presence of voids,
they ‘jump’ from one void to the closest void. Water expansion is modelled by coupling Peridynam-
ics with repulsive forces in the context of Discrete Multiphysics. Freezing water expands against the
voids’ internal surface, building tension in the material. A network of cracks forms in the asphalt,
weakening its mechanical properties. The proposed methodology provides a computational tool for
generating samples of ‘digital asphalt’ that can be tested to assess the asphalt properties under dif-
ferent operating conditions.

Keywords: asphalt; mathematical modelling; peridynamics; discrete multiphysics

1. Introduction

Asphalt, a heterogeneous mixture of aggregates, fillers and asphalt binder, is one of
the most used infrastructure material. Asphalt’s mechanical properties are influenced by
the properties of its constituents, its internal structure and the loading and environmental
conditions during its service life. Understanding the degradation of asphalt, such as rut-
ting, ravelling, freezing, strength loss and fatigue cracking, is important for better design,
manufacture and maintenance of roads.

One of the major sources of deterioration of asphalt is cracking. The fracture process
can be divided into two different stages [1,2]: crack initiation and propagation. Crack ini-
tiation occurs when the mechanical stress is higher than a given limit, and micro-cracks
occur in the mastic [3]. Under continuous load, these micro-cracks coalesce into macro-
cracks, which initiate the propagation phase that ultimately, leads to failure [1]. The
growth of microcracks damages asphalt irreversibly and increases maintenance costs [4],
and this is influenced by different factors such as temperature, loading level and rate,
fatigue and mixture composition.

Another cause of asphalt failure in cold regions is thermal cracking (at low tempera-
tures), which may significantly reduce the durability of pavements [5,6]. This damage is
especially severe when water is present in the asphalt pores due to its comparatively high
thermal expansion. Under icing temperatures, the internal pore structure in an asphalt

Materials 2021, 14, 1579. https://doi.org/10.3390/ma14071579
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mixture may change following a three-stage process [7]: (i) water expansion, which causes
damage, and expansion of the exiting pores; at =10 °C, for instance, water undergoes 15%
volume expansion [8]; (ii) cracking and merging of the pores and (iii) creation of new voids
[9]. This phenomenon is especially intense in asphalts with a porosity between 6% and
13%, which retain part of the pore water. Asphalts with <6% voids have close pores that
prevent water penetration, while asphalts with >13% voids have large pores that do not
retain water [10-12].

There are many studies, both theoretical and experimental, on asphalt degradation
(e.g., [3,4,13-16]), but only a few experimental works dedicated to low temperatures and
freeze-thawcycles [5-7,17-19]. Furthermore, the experimental tests cannot show the evo-
lution of the damage inside the asphalt’s microstructure, which is critical for understand-
ing the deterioration mechanisms. To the best of our knowledge, there are also no availa-
ble numerical methods for predicting degradation of asphalt or monitoring the damage
progression resulting from freeze-thawactions. The development of such modelling tools,
the subject of this paper, allows estimation of asphalt’s service life performance under cold
environmental conditions. This is critical for optimising asphalt or developing novel ma-
terials with enhanced durability and long-term performance.

Recent advancements in computer technology allow performing realistic simulations
of the performance of materials across scales. Novel mesh-free methods are more suited
for this purpose as they allow simulation of crack propagation and branching without the
need for mesh regeneration. One of the simplest mesh-free methods is the lattice spring
model (LSM) that divides solids into computational particles linked together with springs
[20-22]. Peridynamics (PD) [23] is a novel mesh-free method developed as an improve-
ment of the LSM [24] to allow better simulation of the material damage response. The
application of PD to the simulation of damage in construction materials is highly innova-
tive and limited, and its asphalt application will be presented in this paper for the first
time.

This paper aims to develop a computational tool that allows realistic simulation of
the damage of asphalt under mechanical and freeze-thawloads. We present a PD model
coupled with discrete multiphysics developed in the LAMMPS molecular dynamics sim-
ulation package. This requires developing realistic models considering the aggregates and
binder, voids and water, both in liquid and solid forms. Optical and micro-CT images are
used to develop models considering the internal microstructure of a range of asphalt ma-
terials. PD implemented in LAMMPS also allows considering the plastic [25] and viscoe-
lastic [26] response of materials and is therefore suitable for simulation of the response of
asphalt materials under higher temperatures. The state-based Peridynamics is used here
to evaluate the mechanical response of intact asphalt before and after being subjected to a
freeze-thawcycle. The internal damage in the asphalt due to freezing is simulated by cou-
pling Peridynamics with repulsive forces obtained from expansion of liquid phases and
their transformation into solid phase using Discrete Multiphysics (DMP) [27-29]. The
model is then used to discuss the effect of the freezing of the water present in the voids
on the asphalt’s mechanical response.

2. Theory
2.1. Peridynamics

In Peridynamics, the material’s body is defined as a lattice, and contrary to classical
continuum mechanics, its behaviour is defined through a constitutive equation that links
deformation and force rather than strain and stress. The original bond-based Peridynamic
approach [23] was limited to materials with a Poisson ratio ¥ in 3D and % in 2D. State-
based Peridynamics [30] was introduced to overcome these limitations. In state-based
Peridynamics, the forces that connect two bonded elements depend on the overall state of
all the particles located within a material horizon rather than the single bond. The accel-
eration of any particle at position x in the reference configuration at time t is found from:
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p(X)i(x,t) = {I X tx' —x) - T(X', t){x — x’)}dV' + b(x,t) 1)
Hx

where o(x) is the mass density at x, u is the displacement vector field, Hx is a neighborhood
of x with radius § containing all the points x’ within the horizon, T (x,t)(x' —x) is the
pairwise force state function at time ¢ whose value is the force vector (per unit volume
squared) acting between two particles within the horizon applied to the bond (x’ —x),
dV’ is the infinitesimal volume, b is a body force density field. The relative position vector
state of these two particles in the reference configuration & is given by

XX —x)=x-x =¢ )

where X represents the reference state, mapping all bonds in a non-deformed body, Bo.
The relative displacement vector state U is associated with the bond by:
Ux'—x) =ux,t) —ulx,t) = n (3)

The deformation state Y expressed in Equation (4) maps all bonds into its deformed
image, B, Figure 1.

’

Y=X+U=y —-y=¢g+n 4)

Material behaviour is modelled by spring-like bonds between particles x and x’

within the horizon. The force acting on particles x and x’ is:
€+
Tx' —x) = f(x' —x)——— @)
- - lle +mll

where £ is the scalar part of the force state named the force modulus state.

Figure 1. Deformation of the bond involved in (4) and in relation to the reference state ¢, the defor-
mation state 1) and the displacement state U.
The force scalar state is given by [25,31]:
3K6

= "—wx +awel (6)
T LX towe

where w is a scalar weighting function called the influence function whose argument is
the bond vector € in the reference configuration [31], e is the extension scalar state defined
as e = ||X|| — ||§||, x is the reference position scalar state defined as x (€) = [|€||, m is the
weighted volume defined as m = (wx)-x, O is the scalar state volume dilatation of the neigh-
bourhood H defined as 8 = % (w x)e, ed is the scalar deviator state component of the bond
elongation defined as e = e — @, K is the bulk modulus and a is related to the shear
modulus G as:

a=— @)
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To model fracture, we introduce the notion of bond failure in relation to the bond’s
stretch s defined by:
o v =0l = %0 =) _ Im + £l el
|Xx" —x)|| llell

®)

The breakage rule is that when s is larger than a critical value so, the bond breaks and
is removed from the body. The critical value so is defined as [32]:

_ 57TG0 (9)
S0 = ’9K6

where Go is the fracture energy. The value of so is not constant, but varies during the sim-
ulations based on its damage defined as:
1- [, uxte)dv,

p(x,t) = (10)
Jr v,
where 1 is a history dependent damage function that takes on a valueof O or 1, i.e.,:
u(t,s)={1lfs(t’s)< SOVOStS.t (11)
0 otherwise

For materials such as mastic, so depends on smin, the current minimum stretch among
all bonds connected to a given material point [30]:

So(D) = Sgp = ASmin (1) (12)

where sw is a constant and:
i Im@“—mmo—nyr—xm}_|m+smo—nw 5
Smin(t) = min { TR = el (13)

2.2. Modelling of Ice

To model ice, we take advantage of the flexibility of particle methods that can easily
combine with other particle-based potentials in the context of discrete multiphysics. In
this way, it is possible to extend the range of application of a single method by introducing
potentials typical of other particle methods. This technique has been successfully used in
several fields including fluid-structure interactions [33-35], solidification/dissolution
[36,37], biological flows [38-40] and even machine learning [41,42]. In the case under in-
vestigation, we do not model water as a fluid. We are only interested in the pressure that
expanding (i.e., freezing) water exerts on the asphalt structure. This can be achieved by a
repulsion potential between water-water and water-asphalt particles. We use the positive
(i.e., repulsive) branch of the Lennard Jones potential:

on? o\ 1

Uy = 4ey, [(%) - (%) ] r < 280y, (14)
where 7 is the distance between two particles, ¢;; is an energy constant that deter-
mines the particle’s rigidity and o;; is the distance at which the inter-particle potential is
zero. The condition r < 2%gy;,; assures that only the repulsive part of the potential is used.
Equation (14) comes from molecular dynamics, but here it provides a repulsive potential
that avoids compenetration of water particles with mastic and aggregate particles (and
among themselves) for distances smaller than o¢;;. The value of ¢ for ice can be approxi-
mated as follows (for simplicity, in the following discussion, we will name ¢1; and o1y
simply as ¢ and ¢). We assume that under the hypothesis of small deformations r = ro, the
Lennard Jones potential approximates the Harmonic potential; see Figure 2. From the po-

tentials in Equation (15), the forces are derived in Equation (16), Table 1.
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Lennard Jones potential
Harmonic potential
Fy 2“.60 " o
A ‘__" [m] y. o r [m]
(a) (b)
Figure 2. (a) Lennard Jones potential and (b) Harmonic potential.
Table 1. Lennard Jones and Harmonic potentials and forces.
Lennard Jones Harmonic
- 3 A2\ [(ro)\!2 _—C - 1,
Potential: £;; = 4¢ [(;) - (;) ] =¢ [(7) -2 (7) ] Potential: Ey = - kAr (15)
12 13 7

Force: F; = (2) " -2(2) ] Force: Fy = —kAr  (16)

Assuming that repulsive force between particles can be modelled as linear springs,
the spring constant k is a function of the depth of the potential:

_dFy, _ dFy dF,;  12e To\ 14 To 8]
Fusg Arok=—7, o dr 1 13(r) 7(r) (17)
dry,; 72¢
dr o rOZ ( )

According to Kot et al. [43], the bulk modulus for a regular cubic lattice is:

K = Sk 19
and, therefore,
Krd
~_0 20
=0 (20)

where ¢ is an energy constant, K is the bulk modulus and rois the lattice constant at which
the potential is zero (i.e., ro = [, the initial distance between water particles). Expansion is
simulated by increasing the parameter o1). During the simulation, o1 goes from ¢ =1[m]
at t =0 to ofNP1y = 1.05], corresponding to a 15% volume expansion of water at the end of
the simulation.

3. Methodology

The real and artificial asphalt mixtures used in this study are presented and discussed
in this section. Both imaging of the section and micro-CT scan results are used to generate
the initial microstructure of the asphalt models to evaluate the accuracy of the techniques
used. The digital microstructures are then modified to represent a range of void % and
saturation degree in the asphalt microstructure. The details of the processes followed are
also presented in this section.
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The numerical models, after validation, were used to simulate compressive tests on
asphalt before and after being subjected to a cycle of freeze-thaw. The damage progression
under compressive loading and the freeze-thaw was evaluated and discussed with the
aim of the numerical results obtained. The details of the numerical analyses and the input
parameters used are also presented in this section.

3.1. Mixtures

The asphalt models used in the simulations were derived from samples of four types
of asphalts: Dense Asphalt (DA), Porous Asphalt #1 (PA #1), Porous Asphalt #2 (PA #2)
and Porous Asphalt #3 (PA #3), with target air voids of 5 10, 13 and 21%, respectively. The
physical samples were prepared in the NTEC laboratories at the University of Notting-
ham, Nottingham, UK. CT-scanned and (as explained later) digitalised in a format reada-
ble by the software used to carry out the simulations.

The composition, aggregate gradation and binder contents in the samples are shown
in Table 2. For all mixtures, crushed limestone aggregates with a maximum size of 20 mm
and 50/70 pen bitumen were used. The standards BS EN 13043:2013 for DA, BS EN 13108-1
for PA and BS EN 12697-33 were followed to manufacture the materials [44]. The materi-
als were mixed at 160 °C and roller compacted at 140 °C. Asphalt slabs of 300 x 300 x 50
mm? were produced. From the DA slab, a 35 x 35 x 55 mm? was cut. From the slabs made
of PA #1, PA #2 and PA #3, cores of 100 mm diameter and 50 mm height were extracted.

Table 2. Asphalt mixture composition.

Size (mm) Passing (%) DA Passing (%) PA #1 Passing (%) PA #2 Passing (%) PA #3

20 0.9 0.0 20 10
14 15.8 0.0 25 38
10 21.3 35.1 26 35
6.3 14.2 19.3 7 0
Dust 47.8 45.6 22 17
Bitumen 4.7 4.5 4.2 3.3
Air void content 5.0 10.0 13 21
3.2. DA Model

The DA sample surface was photographed using a digital camera with resolution
1257 x 896 and the pictures converted in a black and white image with MATLAB R2020a
(The Math Works, Inc., Natick, MA, USA) and over imposed on a square lattice with side
I =10 m. Each node of the lattice corresponds to a Peridynamic particle: blue particles
were created to represent mastic and red particles to represent aggregates, see Figure 3.
According to the reference [45], aggregates greater than 1.18 mm can be considered part
of the solid skeleton structure. Hence, mastic was defined as a mixture of aggregates <
1.18 mm and bitumen. While we are aware that this is a simplification, we will assume
that this value remains constant for the mixtures that we studied.

In DA, voids were not considered due to the difficulty of identifying them using dig-
ital photography. DA has 190,000 particles for the mastic and 300,000 for the aggregates.
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Aggregate Mastic

5 mm

Figure 3. Asphalt (DA): blue particles represent the mortar; red particles represent the aggregate.

3.3. PA Models

A Phoenix vItomelx L 300 micro CT scanner was used to scan PA asphalt samples
under dry conditions; the X-ray tube was MXR320HP/11 (3.0 mm Be + 2 mm Al) from GE
Sensing and Inspection Technology (Shanghai, China) operating with an acceleration volt-
age of 290 kV and a current of 1300 mA.

We carried out the X-ray CT scans in the micro-computed tomography Hounsfield
facility at the University of Nottingham, Nottingham, UK. We mounted the samples on a
rotational table at a distance of 906.84 mm from the X-ray source. The reconstruction of
scans was performed using GE Datos | x reconstruction software with 2x resolution to ob-
tain a spatial resolution of 45.2 mm; the scans had an isotropic resolution, meaning that
the slice thickness was also 45.2 mm. The raw images were 16-bit images, and the voxel
value represented the x-ray attenuation.

Then, Image] version 1.49 was used to process the images [46], convert them to 8-bit
grayscale resolution and denoise the images to remove small clusters of voids and grains.
The different material components such as aggregates, bitumen and air voids were ex-
tracted by segmenting the images based on grayscale thresholding using Image] version
1.49 (Rasband, W.S., Image], U. S. National Institutes of Health, Bethesda, MD, USA).

The picture was over imposed on a square lattice with side / =4 x 10-* m using Matlab
2020a. As in the case of DA, each node of the lattice corresponds to a peridynamic particle:
blue particles are assigned to mastic, and red particles are used to represent aggregates,
see Figure 3. No computational particle was created in areas corresponding to the voids.
Since the void fraction and aggregate size differed in the three samples, the number of
particles was not the same. Sample PA #1 had 341,000 particles for the mortar and 367,000
for the aggregates; PA #2 148,000 particles for the mortar and 538,500 for the aggregates;
PA #3 172,000 particles for the mortar and 455,000 particles for the aggregates.

3.4. Additional Asphalt Geometries

To generate new geometries of asphalt mixtures with a range of air void properties,
using Image], we assumed that the mixtures from Figure 4 were the reference. From each
of these specimens, we produced five different materials. (i) Without air voids; (ii) with
the 25% smallest air voids; (iii) with the 50% smallest air voids; (iv) with 75% of the small-
est air voids and (v) with 100% of the air voids (equivalent to the reference sample). See
an example in Figure 5. The air voids’ geometries, including the average void area, diam-
eter, perimeter, circularity and aspect ratio, were measured using the Particle Analysis
function in Image] [45]. Finally, a suffix indicating the final void fraction was assigned to
each generated sample. For example, PA #1/2.5% means that we started from PA #1 and
filled all the voids so that the final void fraction was 2.5%. The aggregate gradation and
binder contents are shown in Table 3. Increasing the amount of mastic, we add bitumen
and dust smaller than 1.18 mm, keeping the skeleton structure constant.
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Figure 5. Examples of PA #1 with a range of air void contents. (a) 0%; (b) 5 %; and (c) 10 %.

Table 3. Asphalt mixture composition.

Passing (%)
Size(mm FA7l  PAIl PAF1l PA#1 PA2 PA2 PA2 PA#2  PAS  PAB  PA2  PA#3
7.5% 5%  25% 0%  975% 65% 3.25% 0%  1575% 105% 525% 0%
20 0.0 0.0 0.0 0.0 195 190 185 181 9.8 9.2 8.9 8.6
14 0.0 0.0 0.0 0.0 245 238 232 227 36.3 350 335 323
10 345 339 333 325 253 247 241 235 33.4 322 309 297
6.3 18.9 185 182 180 6.8 6.7 6.6 6.4 0.0 0.0 0.0 0.0
Dust above
118 mm g 200 294 288 284 8.8 8.6 8.4 8.3 6.7 6.4 6.2 6.0
Dust below
16.6 182 197 211 151 172 192 210 13.8 172 205 234
1.18 mm [46]
Bitumen 52 59 6.5 71 52 62 7.0 7.9 5.1 6.8 8.2 9.5
Air void 7.5 5.0 25 0.0 975 65 325 0 15.75 105 525 0
content

Table 4 shows the topological properties of air voids in asphalt mixtures produced in
this section. Similar results were presented in [12]. These results will be used below to
evaluate the influence of freezing on the degradation of pavements.
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Table 4. Topological properties of the voids calculated from the CT-scans.

Void Content Mean Void Di- Mean Void Area Mean Void Pe- Mean de. As- Mean Vo.l d Cir-
Sample ameter . pect Ratio cularity
[%] [mm?] rimeter [mm]

[mm] [—] [—]

PA #1/0% 0.00 0.00 0.00 0.00 0.00 0.00
PA #1/2.5% 2.50 1.19 1.11 2.80 1.87 0.72
PA #1/5% 5.00 1.47 1.70 3.63 1.99 0.67
PA #1/7.5% 7.50 1.67 2.19 4.27 2.03 0.65
PA #1/10% 10.00 1.82 2.60 4.82 2.03 0.64
PA #2/0% 0.00 0.00 0.00 0.00 0.00 0.00
PA #2/3.25% 3.25 2.22 3.87 7.83 2.41 0.54
PA #2/6.5% 6.50 3.29 8.50 10.05 2.41 0.51
PA #2/9.75% 9.75 3.82 11.46 11.60 2.38 0.49
PA #2/13% 13.00 3.42 9.18 13.48 2.40 0.48
PA #3/0% 0.00 0.00 0.00 0.00 0.00 0.00
PA #3/5.25% 5.25 3.73 10.92 20.75 2.29 0.48
PA #3/10.5% 10.50 4.79 18.01 23.80 2.11 0.49
PA 3/15.75% 15.75 5.57 24.35 23.95 2.16 0.47
PA #3/21% 21.00 6.06 28.83 19.36 2.11 0.51

3.5. Freeze-Thaw Simulation

We only used PA #2, which has a 13% air void content, to evaluate the effect of freeze-
thaw on mechanical properties. For this purpose, we artificially filled some of the voids
with ice, presented as yellow particles in Figure 6. To distinguish among samples, a suffix
indicating the final ice content was assigned to each generated sample. For example, PA
#2/0.65% means that we started from PA #2 and filled all the voids so that the final ice
content was 0.65%. Figure 6 shows how this process was carried out. We started with the
real PA #2 sample whose void fraction was 13%. Then, we gradually covered some of the
voids (chosen randomly) with ice (yellow particles) until the ice content was 0.65%, Figure
6a, 1.3%, Figure 6b, 3.25%, Figure 6c, 6.5%, Figure 6d, 9.75%, Figure 6e and finally 13%,
Figure 6f. The freeze-thaw simulation was performed following these steps:

e  Water expands in the voids simulating ice formation, leading to cracking.
e After the water expansion is completed, the simulation is carried out for additional

106 time steps to relax the system with no external load.

e  Water shrinks in the void, simulating ice melting.

e  Water is removed.

e After the water is removed, the simulation is carried out for additional 10¢ time steps
to relax the system with no external load.

e Finally, the sample is tested under simulated compression to assess mechanical re-
sponse changes after the sample is subjected to a freeze-thawcycle.

3.6. Numerical Modelling Details and Input Parameters

The intrinsic properties of the mastic and aggregate were the same for all simulations.
In this study, we focused on temperatures below —-10 °C and, therefore, we used the Peri-
dynamic model for brittle materials discussed before. The mechanical properties used in
the simulations of bitumen and asphalt mixtures are reported in Table 5; they were ob-
tained from [47] and [48]. The peridynamic parameters of the asphalt binder used for the
simulations are listed in Table 6.

The calculation of the temperature profile inside the sample would require a non-
isothermal model (the reader can refer to [37] for modelling heat transfer and phase tran-
sition with particle methods). During solidification, water remains at 0 °C because of the
latent heat. The scenario we have in mind is when the water has permeated into the as-
phalt and freezes. We assume that the external temperature is sufficiently low; as a first
approximation, the average temperature of the asphalt sample is close to -10 °C.
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To simulate a uniaxial compressive test, each sample is placed into the simulation
box between two rigid walls (boundary conditions). The simulations are carried out under
plane stress conditions. For the model, this implies that we take a parallel slice with a
thickness larger than the horizon and impose the stress along the z direction equal to zero.
The physical parameters at the interface were set to the physical parameters of the mastic.
The upper wall moves downward at a controlled velocity, and the lower wall is fixed.
Uniaxial compression test simulation is carried out along the y-direction at a compression
rate of 0.001 m/s; (we verified that quasi-static conditions were achieved at 0.001 m/s), the
other directions were set to be free to expand or shrink. The time step used in all simula-
tions was 108 s.

The Peridynamic stress was calculated from the total force per volume, acting
through the first layer of particles in contact with the upper wall. The resultant force was
obtained by multiplying the particle’s volume and the average force density of the top
layer. The simulations were carried out with the Peridynamics package [49] in
LAMMPS/stable_7 Aug2019-foss-2019a (http://lammps.sandia.gov) [50].

Figure 6. (a) PA #2/0.65% ice; (b) PA #2/1.3% ice; (c) PA #2/3.25% ice; (d) PA #2/6.5% ice; (e) PA #2/9.75% ice; (f) PA #2/13%
ice Ice is represented by yellow particles.

Table 5. Mechanical properties of bitumen, mastic and aggregates at 10 °C used in the simula-
tions.

Material o [kg m?] E[GPa] vI-] GolkJ/m?]
Bitumen, PG64-22 at -18 °C [45] 1000 3.7 0.30 —
Mastic [48] 2200 18.2 0.25 270.00
Aggregates [48] 2500 56.8 0.15 0.25

Interface mastic/aggregates [48] — 18.2 0.25 77.00
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Table 6. Peridynamic parameters used in the simulations. soo is defined by Equation (9).

Model 1 [m] soo [—] al—1] N
1x103 1.2x10* 0.30 3366
5x10%* 12x10* 0.30 23,331
2x10* 1.2 x10* 0.30 332,826
1x10% 12x10%*  0.30 2,580,651
1x10°% 2.0x10%*  0.30 3927
5x10* 2.0x10* 0.30 14,847
2x10% 2.0x10* 030 76,806
1x10* 2.0x10* 0.30 303,606

Bitumen beams (3D)

Bitumen beams (Thin plate)

Mastic, DA 1x10* 6.4x10° 025 —
Aggregate, DA 1x10%* 13x10%*  0.25 —
Interface, DA 1x10* 3.4 %1073 0.25 —
Mastic, PA 4x10%* 32x10% 025 —
Aggregate, PA 4x10* 65x105 0.25 —
Interface, PA 4 x10* 1.7 x 1073 0.25 —

4. Model Validation

We modelled the tensile strength of bitumen beams tested in [45] to validate the ac-
curacy of the modelling strategy and its parameters. For this purpose, we produced 3D
and thin plate (i.e., pseudo 2D with the thickness slightly larger than the horizon simu-
lated under the plane stress condition) models of the bitumen with different resolutions
(number of particles used for development of the model) and checked the sensitivity of
the results to these parameters.

The 3D specimen had dimensions of 1.0 x 5.0 x 0.5 cm?® simulated with four lattice
resolutions in the range [ = 10 — 10~ m; see Figure 7a—c. In addition, the thin plate speci-
men had dimensions of 1.0 x 5.0 cm? and a resolution of / = 103 — 10-* m, see Figure 7d.

Figure 7. Geometries of bitumen for tensile tests. (a) 3D, 1 =102 m; (b) 3D,1=5 x 10#m; (c) 3D, 1 =
2 x 10 m; (d) example of a thin plate, 1 =2 x 10* m.

The number of particles in the 3D samples was 3366, 23,331, 332,826 and 2,580,641,
for 1 103, 5 x 104, 2 x 10 and 10 m, respectively. The number of particles in the thin
plates was 3927, 14,847, 76,806 and 303,606, for [ 103, 5 x 104, 2 x 10* and 10 m, respec-
tively. The simulations were conducted at the two strain rates, 30 and 140 mm x min™".
The Peridynamic stress was calculated from the total force per volume, acting through the
first layer of particles in contact with the upper wall.

Figure 8 shows the bitumen’s beam’s failure in a 3D simulation showing that break-
age is visually comparable with an equivalent experiment from the literature [45].
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Figure 8. Broken bitumen sample in the simulation.

Figure 9a shows the tensile results of the 3D beam. Results are independent of the
loading rate, and when the particle resolution is I < 2 X 10 m, simulations are very close
to the experimental data. Figure 9b shows the 2D (thin plate) results. For [ <2 x 10-* m, the
results are independent of the particle resolution. However, contrary to the 3D results,
they do not converge to the experimental data. In 2D, the greatest difference between the
experiment and simulation is 10%. However, the 3D simulation at [ = 10~ m has eight
times as many particles as the 2D simulation at the same resolution, which makes the
simulation 16 times slower. Therefore, we decided to accept the error and run the simula-
tions for thin plates at lattice [ = 10 m.
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Figure 9. Stress/strain of bitumen beams at different resolutions and loading rate and comparison with other experiments
[45]. (a) In 3D and (b) as a thin plate.

5. Results and Discussion
5.1. Compressive Response of DA Asphalt

The result for the uniaxial compression test for each sample is shown Figure 10a. The
stress-strain curve follows an equivalent tendency to that of experimental curves reported
in the literature for asphalt at low temperatures showing brittle behaviour [51]. As ex-
pected, the stress increases with the compression, undergoing a sudden fracture and lead-
ing to total failure of the samples.

The stress-strain curve and the percentage of broken Peridynamic bonds (damage) in
the sample are compared in Figure 10a to illustrate the relationship between stress and
damage. Two stages from the stress-strain curve can be distinguished during the failure
process [52]. In Stage I (strain < 0.015%), there are no obvious cracks. Stage II occurs when
the local strain reaches the critical value so. Some of the bonds begin to break, generating
micro-cracks in the aggregate. As the strain increases further, micro-cracks propagate,
weakening the material, and the load exceeds the ultimate strength of the sample; micro-
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cracks evolve around the aggregates, resulting in large deformations and ultimately the
destruction of the sample. Finally, Figure 10b shows that micro-cracks form mainly in the
aggregate, especially at the interfaces, which can be considered the asphalt’s weak part.
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Figure 10. (a) Stress (blue curve) and the fraction of broken bond (damage, orange curve) versus strain. (b) Micro-crack
formation in an asphalt specimen.
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5.2. Compressive Response of PA Asphalt

Uniaxial compression tests of the PA test specimens mentioned above were also sim-
ulated to determine whether the peridynamics could capture the air voids” influence on
the asphalt’s compression strength. All the samples were subjected to the same load and
boundary conditions as the DA samples. Figure 10 compares stress/strain curves for PA
#1, PA #2 and PA #3, in the range of the air void contents studied.

According to Figure 11, the asphalt stiffness and the peak load decrease by increasing
the number of voids and their size. The maximal stress decreased by 64% (PA #1), 77%
(PA #2) and 91% (PA #3) compared to the same asphalt with no voids, and the weakening
of the material led to early breakage. In real asphalt, this could mean that the weakening
of the material due to air voids’ presence leads to early breakage [2,30]. Hence, to produce
durable asphalt, especially at lower temperatures, when the asphalt is prone to ravelling,
it is advised that the content of mastic in the material is maximised.
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Figure 11. Stress/strain curves for PA #1 (a), PA #2 (b) and PA #3 (c) samples.
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There are different types of asphalts that cover a wide range of compressive strengths
depending on the bitumen, aggregate, fillers and voids. Our asphalt is in line with the
compressive results for asphalts reported in the literature e.g. [53-55] at the same temper-
ature. According to the sample and the void fraction, the model’s values in Figure 10 are
between 0.5 and 3.5 MPa. Reference [53] reports values between 1.5 and 1.9 MPa, reference
[54] between 2 and 3 MPa and [55] between 1.7 and 2.2 MPa, which are in the same range
as our simulations. The model’s compressive results depend on the choice of parameters,
and specifically Go, the fracture energy reported in Table 5, used in the simulations. Go
was taken from [48] and refers to weakly aggregated dolomite limestone [48], normally
used to build road bases or binder courses. Hence, the compressive strength of asphalt
will reflect the poor properties of these aggregates. Properties of additional aggregates
can be found in reference [56].

Table 7 reports the Pearson’s correlation between the mechanical and the topological
properties of the samples. The max stress and the max deformations are, respectively, the
maximal stress and deformation before the sample’s failure, while for the equivalent
Young’s Modulus, the slope of the linear part of the stress/strain curve, see Figure 11.

As expected, a higher void content reduces the uniaxial compressive strength of the
asphalt. Table 7 also shows that larger voids are more detrimental than smaller voids for
the same void content. Moreover, given the same void size, samples with elongated and
irregular shapes (i.e., high aspect ratio, low circularity) show, in general, lower ultimate
strength and an equivalent Young’s modulus than samples with circular-like voids. The
reasons for this are still unclear and will be investigated in future research.

Table 7. Pearson correlations between the mechanical and the topological properties of the samples.

Properties Void Content Mean Void Diameter Mean Void Area Mean Voifi Aspect Mean Vo.id Circu-
[mm] Ratio larity
Ultimate strength -0.62 -0.64 -0.58 -0.52 -0.37
Ultimate strain -0.77 -0.92 -0.82 -0.73 -0.41
Equivalent Young modulus -0.26 0.02 0.09 -0.32 -0.57

To compare changes of strength between the different types of asphalt analysed due

to changes in gradation and amount of mastic, we have defined the parameter  as:
maximal strength of the asphalt sample
B = (1 ) X 100 (21)

* maximal strength of asphalt with 0% air voids

Finally, Figure 12 shows how f varies with the air voids fraction for PA #1, PA #2 and
PA #3. It can be observed that small changes in the void fraction have a lower influence
on the compressive strength of asphalt for densely packed mixtures. However, other types
of mixtures, such as PA #3, could be extremely sensitive to changes in the amount of voids,
for example, due to the lack of filler or changes in the source of dust, and extreme care
should be taken during their design and manufacturing. This will be a point that we will
analyse experimentally in future research.
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Figure 12. Changes of § with void %.

5.3. Effect of Freeze-thawon the Compressive Strength

Figure 13 shows the sample during the ice expansions. Breakage starts where ice ex-
pands and propagates at the bitumen-aggregate interface. This also creates new voids and
increases the void fraction [7]. As expected, the freeze-thawcycle decreases the strength of
asphalt [57-59]. To quantify this decrease and compare the simulations with experimental
data, we define the reduction of the peak stress after freeze-thawas follows:

peak stress of the sample after freeze — thaw
y=(1- ) x 100 (22)

peak stress of the intact sample

(b)

Figure 13. Cracking propagation due to ice expansion: (a) geometry; (b) damage.

Figure 14 shows how vy varies with the ice fraction and confirms the ice’s impact on
fracture performance. During the ice expansion, cracks appear in the structure, and the
stiffness of asphalt is compromised, leading to a reduction in the sample’s peak stress and
earlier failure.
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Figure 14. Reduction of peak stress with ice %.

These results compare with experimental data. For example, reference [9] has deter-
mined that for a porous asphalt mixture with approximately 20% air void content, the
strength loss can be higher than 40%. Further, most of the strength is lost after the first
cycle, as shown in Figure 13. In future research, this computational framework will be
used to better understand the influence of air voids’ geometrical properties on the re-
sistance of the asphalt to freeze-thawcycles.

6. Conclusions

In this article, we have demonstrated the use of Peridynamics combined with Dis-
crete Multiphysics to model crack formation and propagation in asphalt at low tempera-
tures taking into account air voids and ice formation. Find below some of the conclusions:

e  This paper demonstrates a way to understand how microcracks are formed in the
asphalt under freezing conditions, a phenomenon that is extremely difficult to ob-
serve in experiments.

e  The simulations show the model’s reliability in obtaining a mechanical response
comparable with experimental tension and compression tests of bitumen and as-
phalt, respectively.

e Asexpected, the higher the void fraction, the higher the loss of compressive strength
of an asphalt mixture. Further, the size and shape of the voids affect the strength of
the asphalt. Larger voids are more detrimental than smaller voids, especially if they
have a high aspect ratio and low circularity.

e  Using this model, we observed that the amount of mastic in densely packed mixtures
does not have a strong influence on the compressive strength of asphalt. However,
less densely packed mixtures, such as porous asphalt, are more sensitive to the
amount of mastic in the asphalt.

¢  The model can also assess the effect of ice formation on the asphalt structure. Water
particles are created in the voids, and their volume is increased with time to simulate
solidification. The simulations show the formation of cracks produced by water ex-
pansion during solidification and the consequent loss in mechanical strength. To the
best of our knowledge, water expansion in cavities has not been simulated to date.

This methodological study provides researchers in the field with a powerful new tool
for understanding the behaviour of asphalt under scenarios that, so far, have not been
accessible to computer simulation. The systematic study of asphalt mechanical properties
changes due to the size, number and distribution of ice-filled voids will be done in future
research.
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Chapter 5

Effect of freeze—thaw cycles on the void
topologies and mechanical properties of

asphalt

In this Chapter experiments on asphalt mixture with three different void content has been carried out
to establish a correlation between asphalt mixture performance and internal structure at low
temperature. Further investigation has been taken using X-ray CT scan to observe the evolution of

voids under freezing condition and to obtain the topologies. The results are used in the Chapter 5.
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Frost and thawing damage asphalt in cold climates. Water that enters the pores of asphalt at low temperatures
may accelerate its degradation. Water can expand into pores, altering the void content and shape, thus affecting
the asphalt’s internal structure and fracture properties. We can develop more durable asphalt types if we un-
derstand how void topology changes with freeze-thaw cycles. The purpose of this study is to establish a corre-
lation between the mechanical properties of asphalts and the topological properties of voids. To determine their
internal structure, various asphalt types representing dense asphalt and asphalt with voids were made and X-
rayed before and after each freeze-thaw cycle. We also obtained the mechanical properties of asphalt and
correlated them with the void properties. It was found that dense asphalt has the lowest degradation rate in wet
conditions characterised by non-connected gaps, which was approximately constant with freeze-thaw cycles;
however, dense asphalt was least durable under dry conditions compared with asphalts with more voids. Due to
its high water retention rate, asphalt with a 10% void content degraded at an accelerated rate during the initial
cycles. As a result of bigger voids, asphalt with a higher pore content plateaued in later cycles due to reduced
water retention. This study demonstrates that the internal void topology affects the mechanical properties of
asphalt during freeze-thaw cycles. These results can be used to understand changes in asphalt mechanical losses
resulting from freeze-thaw cycles and to validate numerical models to perform parametric studies of the asphalt’s
freeze-thaw degradation.

1. Introduction

aggregates are elastic in all the ambient temperature ranges. Moreover,
at low temperatures, the binder is an elastic and brittle material [7].

Asphalt mixture is a heterogeneous material made of aggregates,
mineral filler, and a bituminous binder. It is compacted at temperatures
ranging between 135 °C and 155 °C; asphalt mixtures may also include
voids, up to more than 20 % of the total asphalt’s volume, depending on
the gradation and compaction methodology. Asphalt is the most used
material to build pavement surfaces. Asphalt undergoes different me-
chanical loads and environmental conditions during its lifetime, leading
to crack and damage and reducing its lifespan [1,2]. In particular, the
extreme environmental condition in cold regions with large temperature
fluctuations [3] and the water permeation are some of the most harmful
deterioration mechanisms that may affect asphalt, leading to thermal
stress [4], loss of adhesion at the interface between aggregate and
bitumen [5], and loss of cohesion of the binder [6].

The binder is a viscoelastic material at high temperatures, while the

* Corresponding author.
E-mail address: alvaro.garcia@nottingham.ac.uk (A. Garcia-Hernandez).

https://doi.org/10.1016/j.conbuildmat.2022.128085

Several factors influence asphalt’s mechanical properties, including its
temperature, freeze-thaw cycles, air void content and internal void to-
pology. In addition, the air voids content can increase due to the
expansion of water under freeze-thaw actions, increasing asphalt’s
permeability and, consequently, the risk of freeze-thaw damage [3,8]. If
water infiltrates the asphalt, it can freeze and expand, increasing the
pressure in the pores, modifying the void content and shape, causing
cracks and weakening the asphalt. Cracks may appear, creating new
voids that alter the internal void structure [9]. Once the ice melts, water
may permeate the cracks; and new freeze-thaw cycles may increase
damage, following the same mechanism. Consequently, the stiffness
modulus [10], strain energy [10], fracture toughness [11], critical stress
[11], splitting strength [12], and maximum flexural tensile strain [12],
of asphalt may reduce.
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Table 1

Asphalt mixture composition.
Size (mm) Target void content, %

3% 9.8% 14%

20 0 23.6 0
14 0 42.4 0
10 58.9 0 63.5
6.3 7.5 9.4 18.9
Dust 18.7 12.3 7.6
Filler 8.4 6.6 4.7
Bitumen 6.5 5.7 5.5
Air void content 3 9.8 14

[ Freeze-thaw cycle ]

o e g

[ Water bath, 20°C, 16 hours ]47

E

Air, -10°C, 16 hours ]47

[ Air, 20°C, 8 hours ]

Target No

number of
cycles?

Fig. 1. Steps followed for the freeze-thaw tests of asphalt.
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Fig. 2. Semi-circular bending test.
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Previous researchers have investigated the influence on mechanical
properties of freeze-thaw cycles on asphalt using semi-circular bending
and 3-point bending tests at low temperatures. Semi-circular bending is
one of the most popular tests to characterise the cracking resistance of
asphalt and its mechanical properties such as fracture energy, tensile
strength, critical strain energy release, and flexibility index [13].
Moreover, it is also used to characterise the fracture toughness to eval-
uate the crack resistance and propagation [14,15]. The most recent
studies have focused on the long-term effect of freeze-thaw cycles on
asphalts [1,6] and the influence of water saturation on fatigue perfor-
mance [2].

The asphalt’s internal structure evolution under freeze-thaw cycles
has been previously evaluated using X-ray computed tomography
[16,17,18]. This technology allows a micro-scale characterisation to
quantify porosity, tortuosity, void circularity, and roundness [17,18].
For example, Ozgan and Serin showed an increase of 40% in air void
content after 24 days of freeze-thaw cycles [3]. Xu et al. investigated
asphalt’s internal structure changes under freeze-thaw conditioning
using X-ray computed tomography (X-ray CT) technology [9]. Although
previous researchers have investigated the influence of freeze-thaw
cycles on asphalt degradation, the literature still lacks a comprehensive
study on the role of the void’s properties and its evolution under
freeze-thaw cycles on asphalt performances. Consequently, the water
retained in the asphalts varies, causing further modification and prop-
erty losses. By establishing the correlation between topological changes
of voids and mechanical properties losses under freeze-thaw cycles, we
will be able to improve our design and prevent damage and failure.

Therefore, the current study seeks to establish a correlation between
changes in the mechanical properties of asphalt and changes in the to-
pological properties of voids due to freeze-thaw cycles. This was
accomplished by quantifying the mechanical properties of asphalts in
dry and wet conditions with a variety of void contents and changes in the
internal structure caused by freeze-thaw cycles.

2. Materials and methods
2.1. Specimen preparation

Three asphalt mixture types were manufactured, following BS EN
12697-33 and BS EN 12697-35 [19,20]. Recipes have been selected to
represent dense asphalt and a porous asphalt with voids higher and
lower than the percolation threshold. All mixtures were compacted to
refusal; therefore, the aggregate size and gradation were modified to
produce the different air void contents.

Crushed granite aggregates with a maximum size of 20 mm and 60/
40 pen bitumen were used for all mixtures. The aggregate gradation and
binder contents of asphalts are shown in Table 1. The materials were
mixed at 165 °C and roller compacted at 165 °C. Sixteen asphalt slabs of
300 mm x 300 mm x 60 mm were produced with target air voids 3%,
9.8% and, 14%, respectively.

Cylindrical specimens with 100 mm diameter and 60 mm in height
were extracted from slabs. The specimens were trimmed by 10 mm on
the top and 10 mm on the bottom of the cores using a core saw. 80 cores
of 100 mm diameter and 40 mm height were extracted, five cores per
slab.

Moreover, two semi-circular specimens were obtained from each
core by cutting them along their diameter. A vertical notch of 10 mm
with a tolerance of + 1 mm was introduced along the symmetrical axis
with a thickness of 4 + 0.5 mm to investigate fracture properties.

2.2. Freeze-thaw cycles test method

See the scheme of the tests to investigate the mechanical and
cracking resistance properties of asphalts under freeze-thaw cycles in
Fig. 1.

The samples were tested in dry and wet conditions. In wet
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¥

Fig. 3. Semi-circular asphalt specimen dimension.

conditions, the samples were submerged in water at 20 °C for 16 h and
then wrapped in a transparent plastic film to keep the water in the
samples. After, they were stored at —10 °C for 16 h and then at 20 °C for
8 h for the thawing part of the cycle. In dry conditions, the samples were
kept in the air at —10 °C for 16 h and then at 20 °C for 8 h.

The specimens were subjected to up to 20 freeze-thaw cycles.
Computed Tomography (CT) scans were taken before and after each
cycle to evaluate the topology of void evolution. We CT scanned the
same material in a range of cycles; hence, the statistical significance
derived from the rate of change of the topological properties of the as-
phalts. The 3-point bending strength of the samples was measured at
—10 °C using an INSTRON (a servo-hydraulic test apparatus) loading

frame machine, according to BS EN 12697-44:2019 [21].

Construction and Building Materials 344 (2022) 128085
2.3. Semi-circular bending test

The semi-circular bending test was used to investigate the fracture
properties of asphalt at —10 °C according to BS EN 12697-44 [21]. The
parameters measured were peak load, F, young modulus, E fracture
toughness, K;, maximum stress to failure, o, and fracture energy, Gy.

In this study, semi-circular bending test specimens were tested in a
three-point bending load configuration supported by two rollers, with
the distance between them 0.8 times the diameter of the semi-circular
samples, see Fig. 2.

The load was applied monotonically on top of the specimen at a
constant rate of 5 mm/min until material failure occurred and test re-
sults were recorded along with the deformation of the specimen (load vs
displacement). The peak load at which the specimen fails was also
determined.

The maximum stress at failure [21], 6,,, was calculated with:

 4.263xF

Dxt M

Om

where D, t and F are the specimen diameter, m, sample thickness, m
of the semi-circular asphalt specimen, and peak load, N, on the sample,
see Fig. 3.

The fracture toughness, which describes the material’s resistance to
fracture, K;, is calculated as shown in reference [21]:

Table 2
Topology of voids after freeze-thaw cycles, in wet conditions.
Sample Freeze- Air void Mean void Meanvoid  Void Voids Voids Roundness Euler Tortuosity
(target voids thaw content (%)  diameter area(cm?)  perimeter Aspect circularity (-)  (-) number
content) Cycle (mm) (mm) ratio (-)
3% New 2.96 1.84 603 5.21 1.9 0.72 0.62 1182 0.92
FT1 3.28 1.67 666 4.85 1.92 0.72 0.61 1358 0.91
FT2 3.72 1.69 756 4.8 1.94 0.71 0.61 1269 1.30
FT3 3.23 1.33 656 4.05 1.85 0.75 0.65 1924 1.25
FT5 3.23 1.33 656 4.05 1.85 0.75 0.65 1967 1.44
FT20 6.20 1.31 967 5.72 2.01 0.71 0.61 355 0.99
9.8% New 9.47 4.74 1827 7.9 2.02 0.68 0.6 181 1.43
FT1 11.48 4.44 2220 7.08 2.06 0.7 0.62 -779 1.69
FT2 13.34 4.38 2585 7.26 213 0.71 0.61 —1304 1.62
FT3 15.99 4.09 3090 6.76 2.09 0.74 0.63 —2005 1.47
FT5 15.00 8.90 2900 8.12 2.52 0.64 0.56 —260 1.59
FT20 14.10 11.62 2757 8.12 2.34 0.66 0.6 —358 1.23
14% New 13.95 5.40 2927 10.5 213 0.59 0.56 —1851 1.58
FT1 16.16 5.46 3396 10.2 2.09 0.61 0.57 —2248 1.52
FT2 15.09 5.04 3145 9.53 2.08 0.62 0.58 —1605 1.57
FT3 16.95 4.48 3539 8.59 2.01 0.66 0.61 —2340 1.47
FT5 20.56 5.70 4328 10.04 1.99 0.68 0.62 3225 1.35
FT20 19.78 9.37 4073 11.6 217 0.63 0.79 —1871 1.30
FT: freeze-thaw cycles.
aggregate mastic water void

50 mm

100 mm

Fig. 4. Example of water retained in the asphalt pores, 9.8% (a) and 14% (b). Blue is described the water retained in the pores, gray is the mastic and aggregates, and
black are the voids. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Evolution of voids with freeze-thaw cycles: Total pores in (a) new (dry) condition and after (b), 1st cycle (c), 2nd cycle (d), 3rd cycle.
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Fig. 6. Void content percentage against freeze-thaw cycles (in wet conditions) for asphalts with target air voids (a) 3%, (b) 9.8%, (c) 14%. Blue points represent the
total void content, orange points represent the connected void content, and grey points represent the unconnected void content.

K= Gmxf(%) 2

where Wi, a;, and f(5) are the height of the specimen, the notch
length, both in mm, and a geometric factor, see Fig. 3. The geometric
factor f(3}) is 5.956, for 9 < a; <11 mm and 70 < W; <75 mm. For other
a; and W; values, the geometric value can be calculated according to the
formula presented in reference [21]:

2 3
a; a; a; a;
(== ] = —4.99654155.58( — | —799.94( — 2141.9( —) —2709.1
f (Wi) - (Wi) (Wi) * (VV,) (

The fracture energy [22] is the energy released during cracking,
obtained as the area below the load-displacement curve until the
specimen is broken following the Equation:

w

= 4
A (C)]

Gy

Where W and Ay, are the work of fracture and the ligament area

defined as.
Ajg = (r—a;)xt 5)

Where, a and t are specimen radius, in m, notch length, in m, and
specimen thickness, in m, respectively, see Fig. 3.

4 5
a; a;
W,) +1398.6 (W,) 3

2.4. Images acquisition and processing of X-ray CT

The asphalt samples were scanned using a Phoenix v|tome|x L 300
micro CT scanner; the X-ray tube used was (MXR320HP/11, 3.0 mm Be
+ 2 mm Al from GE Sensing and Inspection Technology) operating with
an acceleration voltage of 290 kV and a current of 1300 mA.

The samples were positioned at 906.84 mm from the X-ray source
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Table 3
Topology of voids changes rate due to the freeze-thaw cycles.
Sample (target voids Air void content (% Mean void diameter Mean void area (em?  AVoids Aspect ratio  Euler number / Tortuosity /
content) / cycle) (mm / cycle) / cycle) / cycle cycle cycle
Fast damage 3% 0.125 —0.151 24.90 —0.013 213.7 0.138
stage 9.80% 2.142 —0.201 415.50 0.028 —708.3 0.030
14% 0.793 —-0.318 158.50 —0.037 —82.4 —0.028
Slow damage 3% 0.158 —0.019 16.34 0.006 —55.8 —0.004
stage 9.80% 0.111 0.366 23.23 0.013 17.9 —0.017
14% 0.223 0.220 42.98 0.005 5.9 —-0.012

and mounted on a rotational table. The scan images were reconstructed
using the GE Datos|x reconstruction software with 2x resolution
obtaining a spatial resolution of 45.2 mm; the scans had an isotropic
resolution, meaning that the slice thickness was also 45.2 mm.

The original images were in 16-bit (.tiff format), and the voxel value
represented the x-ray attenuation, then are processed with the software
tools VG studio max and ImageJ, Version 1.8.0 [23,24], and converted
to 8-bit grayscale resolution.

The different components of the samples, such as aggregates, mastic,
and air voids, were separated by segmenting the materials based on
grayscale thresholding using ImageJ. Based on experience, we consid-
ered that small isolated clusters with<0.5 mm could be small voids or
noise effects and were removed from the image. The segmented images
of the air voids were stacked using the software VGSTUDIO MAX, to
generate 3D surfaces.

2.5. Density

The test specimens’ asphalt mixture density and bulk density were
calculated according to BS EN 12697, part 5 [19] and part 6 [19],
respectively.

2.6. Air voids content

The air voids content of the samples has been calculated according to
Equation (6) [19].
V, = P =Py 6)
Pum
where V; is the air void content of the sample, %, p,, is the maximum
density of the mixture, kg/m?, and p,, the bulk density of the test sample,
kg/m?>.

2.7. Connected air voids

There are two categories of voids in the asphalt: connected voids and
unconnected voids.

Connected voids have at least one end communicating with the
external surface and allow water to pass through them. One particular
case of connected voids is the dead-end voids with only one end con-
nected to an external surface and retaining water. Unconnected voids do
not communicate with the external surface. In this study, we are inter-
ested in the connected voids.

The VG studio max software has been used to identify the connected
and dead-end voids connected to one of the surfaces.

2.8. Mean void diameter

The mean void diameter, Vpeqn, has been obtained using a thickness
algorithm within the Particle Analyser plugin [24] (Version 1.4.3) in Fiji
and calculated as:

SoidiVi
YV
where, d; is the diameter of each single void and, V; is the volume of
each pore in the sample.

Vinean = ™

2.9. Mean void area

The Mean void area is calculated by converting the pores into meshes
with triangular shapes and measuring the total surface area of pores and
their volume. It was done using the BoneJ surface area [24] plugin
(Version 1.4.3). The mean void area is calculated using the Equation:

A
Meanvoidarea = v ®

Where A is the total surface of pores and V the volume of the
specimen.
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2.10. Aspect ratio

The aspect ratio of a void is the ratio between its largest and smallest
orthogonal diameters. The aspect ratio’s value (A,) has been obtained
using the shape descriptor algorithm within the Particle Analyser plugin
[25] (Version 1.4.3) in Fiji and calculated as:

Aax
dmin

A = (C)]
Where dj. and d,;, are the largest and smallest orthogonal axis,
respectively.

2.11. Circularity

The circularity (Circ) has been obtained using the shape descriptors
algorithm within the Particle Analyser plugin [25] (Version 1.4.3) in Fiji
and calculated as:

X 47A
Circ = P (10)

Where A is the area and P is the perimeter. A value of 1 means the
void is a perfect circle, and a value closer to O indicates that the void is
elongated.

2.12. Roundness

The roundness measures how similar is the shape of an object to a
perfect cycle and it is calculated using the shape descriptors algorithm
within the Particle Analyser plugin [25] (Version 1.4.3) in Fiji as:

4A
Round =

1D

Tmax

Where A is the area and d,,,, the largest orthogonal axis.
2.13. Tortuosity

Tortuosity, T, is defined as the height of the test specimen to the
minimum distance between the two ends of specimen:

T=-=2 (12)
Where T is the tortuosity, L, is the total length of pore and, L; is the

shortest distance between the two ends of samples.
The values were obtained with the Skeletonize 2D/3D and Analyse
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Skeleton modules in ImageJ [25], with no pruning of the dead ends.
2.14. Euler number

The Euler number is the function of the number of isolated air voids,
N, the number of redundant connections in air paths, C, and closed
cavities, H. A negative Euler number means the air voids are percolated
[26,27,28]. These parameters were determined with the BoneJ particle
analyser plugin (Version 1.3.11) in ImageJ [25].

X =N-C + H (13).

3. Results and discussion

3.1. Internal structure evolution of asphalt mixtures during freeze—thaw
cycles

Table 2 shows how the topology of voids changes after each
freeze—-thaw cycle in asphalt that had been previously submerged in
water. These values have been obtained from CT-Scans and are the
average properties of each CT-Scan. We have selected mixtures with
target air voids 3%, 9.8% and 14%, due to their high difference in voids
content, which are representative of dense, semi-dense and porous as-
phalts. Please note that referring to samples as “new” implies that they
were tested in dry conditions prior to being frozen and thawed.

Besides, to have a visual idea of how the water is retained in the
asphalt, Fig. 4 shows the presence of water in asphalts with 9.8% target
air voids and 14% target air voids after they have been submerged and
removed from the water. This figure shows that the voids are not full of
water, which is retained only in the dead-end voids and the narrowest
areas.

The voids in asphalt can be connected or unconnected [29]. They are
unconnected when they do not communicate with the atmosphere and
connected when they communicate. According to previous studies [30],
connected pores are the only types that allow water to penetrate through
the asphalt during freeze-thaw cycles. Therefore, in this study, we
identified the connected and unconnected pores to determine their in-
fluence on the effect of freeze-thaw cycles on asphalt’s durability. Fig. 5
(a) illustrates the asphalt’s connected and unconnected air voids, with a
target air void percentage of 9.8%. Before the specimen was subjected to
freeze-thaw cycles, the mixture had 8.7% connected voids and 0.86%
unconnected voids. After three freeze-thaw cycles, the mixture had
15.9% connected voids and 0.05% unconnected voids. With every cycle,
the asphalt became more porous, which increased the amount of water
damage with each freeze-thaw cycle.

Moreover, Fig. 5 shows the void content evolution with the freeze-
—thaw cycles of the three types of asphalt studied, highlighting the
connected and unconnected voids since that may help understand their
evolution with the number of freeze-thaw cycles. With the freeze-thaw
cycles, the total voids and the connected voids increased in every asphalt
studied, and the unconnected voids decreased. The unconnected voids in
the mixture with target air voids 3% remained approximately stable
during the freeze—thaw cycles, while the connected voids increased from
approximately 2.12% to 2.8%. For the mixture with target air voids
9.8%, the total voids content increased from 9.5% to 14.1%, which are
48% more. Furthermore, the unconnected voids reduced from 0.86% to
0.05%, and the connected voids increased from 8.7% to 15.9% in three
freeze-thaw cycles, a growth of 83%. In addition, in the mixture with
14.0% void content, the connected porosity increased up to 16.9%, a
growth of 22%.

In reference [30], the authors divided the evolution of voids during
freeze-thaw cycles into three arbitrary stages (i) initial stage, (ii) steady
increase stage and (iii) increase stage; however, in this paper, it is un-
clear what each of these stages means and, the number of cycles in each
stage varied depending on the type of asphalt mixtures. Moreover, in
[6], the stiffness of the asphalt they studied reduced steadily until
approximately the 5th freeze-thaw cycle and after, the stiffness
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remained steady with additional freeze-thaw cycles. Hence, the authors
have tested the evolution of voids in asphalts for 20 freeze-thaw cycles
and, based on observation, decided to divide the freeze-thaw cycles into
two stages: (i) fast damage stage and (ii) slow damage stage.

In Table 3, we describe the rate of change of topological properties of
the asphalts, ranging from O to 3 cycles, to describe the fast damage
stage and from O to 20 cycles to describe the slow damage stage. We
have used Fig. 7 (a), which shows the evolution of air voids for the three
types of asphalt analysed with the number of freeze-thaw cycles, to
select the range of freeze-thaw cycles for the fast and the slow damage
stages.

The first remarkable aspect observed in Table 3 and Fig. 7 (a) is that
the air voids content increased for every asphalt studied during the
freeze-thaw cycles. The average rate of air voids increase was 1.02%/
cycle in the fast damage stage and 0.16 %/cycle in the slow damage
stage. In general, it can be observed that the voids increase linearly with
the freeze-thaw cycles at a rate of 0.12 %/cycle for the asphalt with
target voids of 3%, 2.14 %/cycle for the asphalt with target voids of
9.8% and 0.79 %/cycle for the asphalt with target voids 14%. The
asphalt with a target air void of 9.8% suffers greater damage than the
rest of the test samples during the fast damage stage [32]. Besides, Fig. 7
(b) shows how the voids change with the depth of the specimen
(thickness, which is the t dimension in Fig. 3) in asphalt with 9.8% voids
content. This mixture had segregation, as seen in the connected voids
that reduced with the height. However, the voids increased and became
progressively connected with the cycles, which gives an idea of how the
asphalt gets damaged due to freeze-thaw cycles under wet conditions.

To explain the higher increase of porosity in the mixture with target
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air voids 9.8%, Fig. 8 correlates the increase in porosity with the water
retained in the three asphalts studied. We found using the CT scans that
the percentages of water retained by weight of the asphalts are 2.05%,
7.28%, and 4.13% for the mixtures with 3%, 9.8%, and 14% target
voids, respectively. Hence, there is a linear relationship between the
amount of water retained in the asphalt and the physical damage it
suffers in each freeze-thaw cycle, suggesting that to minimise the
freeze-thaw damage, the internal structure of the pores plays a key role.

As a result of the higher water retention rate, asphalt with 9.8%
target voids has the highest increase of porosity and area in the fast
damage stage, see Table 3, which is similar to the results reported in
[10]. However, in this mixture, the diameter of the voids decreased,
which indicates the creation of several small pores or cracks with a small
diameter. Besides, it is interesting that the mixture with target voids of
3% had the lowest rate of void diameter increase, which, as can be
observed in Table 3, must be related to having the lowest water reten-
tion rate. In general, in Table 3, we can observe that during the fast
damage stage, the void diameter decreased for all the asphalts analysed,
which could indicate the creation of new voids and cracks in the ma-
terial, which were smaller than the existing voids; for example, see ex-
amples in Fig. 9 (a) and Fig. 9 (b), for the asphalt with 9.8 target voids
content.

In the slow damage stage, after the third freeze-thaw cycle, cracks
widened, which caused some aggregates to fall through the voids; see
Fig. 9 (c) and (d) for an example. In this stage, the voids area increased
for the three mixtures studied, and the tortuosity decreased steadily,
which could be due to voids coalescing and creating bigger voids, as
explained in reference [10]. For example, for the mixture with a target
air void of 3%, in 20 cycles, the voids increased steadily from 2.96% to
6.2%, and the Euler number and tortuosity decreased, reflecting that the
pores were better connected, and cracks started to appear. It is expected
that when the voids topologies of the mixture with target air void 3%
become like those of mixture with target air void 9.8%, more water will
be retained, and there will be a sudden increase of damage, which may
explain why some dense asphalts that have been several years in service
get suddenly damaged after a cold day. This has been reported before in
reference [6], where the asphalts resist several freeze-thaw cycles until
they break suddenly.

Furthermore, from Table 3, it is apparent that the initial aspect ratio
of the voids in all the asphalts studied is greater than 1, implying that the
voids are not circular; with each freeze-thaw cycle, the aspect ratio
decreases and the voids become circular. If the aspect ratio increases, it
can be inferred that cracks are more prevalent than new pores, which
would be reflected by a negative increase in the asphalt ratio. The rate of
growth of the aspect ratio for the mixture with 9.8% voids content is
positive. Hence, during the fast damage stage, the formation of cracks is
predominant in this mixture. Also, see how the Euler number decreases,
meaning more connectivity in the pores. In the other two mixtures, the
voids became rounder, reflecting the formation of new small uncon-
nected voids in the asphalt. Finally, the aspect ratio increased steadily
with the cycles in the slow damage stage, which implies that the cracks
grew gradually.

We analysed the R? values of topological properties from Table 2
versus the number of cycles in wet conditions to confirm the results. A R2
value of 1 indicates a direct correlation between two variables, while a

Table 4
R? values of the void’s topological values versus the freeze-thaw cycles in wet conditions.
Sample (target voids content) Air void content Mean void diameter Mean void area AVoids Aspect ratio Euler number Tortuosity
Fast damage stage 3% 0.263 0.819 0.256 0.189 0.678 0.727
9.80% 0.994 0.948 0.995 0.603 0.986 0.003
14% 0.616 0.832 0.570 0.916 0.096 0.509
Slow damage stage 3% 0.927 0.401 0.845 0.464 0.466 0.012
9.80% 0.136 0.801 0.154 0.300 0.035 0.594
14% 0.460 0.894 0.404 0.219 0.000 0.684
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Fig. 10. Examples of stress-strain curves for the asphalt with 9.8% air
voids content.

R2 value of 0 indicates no correlation between the variables. In the fast
damage stage for semi-open and open asphalts, the R? value is close to 1
for most properties, indicating a clear trend of change with the freeze-
—thaw cycles and confirming that damage occurs in this stage for these
two types of asphalt. Moreover, in the slow damage stage, the topologies
of dense asphalt strongly correlated with the number of cycles, con-
firming that dense asphalt degraded slowly with the cycles in wet con-
ditions. However, semi-dense and porous asphalt showed lower
correlations, which confirms that most of the damage in these materials
occurred during the fast damage stage, as shown in Fig. 6. Furthermore,
the authors appreciate that the Euler number and tortuosity may change
with the number of cycles, as it was mentioned above; however, one
cannot appreciate a clear trend in the data shown in Table 4.

3.2. Effect of freeze—thaw cycles on the asphalt’s mechanical properties

An example of the semi-circular bending test results of asphalt with
9.8% of void content is shown in Fig. 10. The stress—strain curve fol-
lowed a brittle behaviour; the load increased with compression with a
brittle and sudden fracture after the load reached the peak force,
exceeding the bearing capacity of the material.

Fig. 11 shows the evolution of various mechanical properties such as
peak load, see Fig. 11(a), Young modulus, Fig. 11(b), fracture toughness,
Fig. 11(c), and fracture energy, Fig. 11(d), with the freeze-thaw cycles.
The four mechanical properties reflect the fast and slow damage stages
that we mentioned above, where the mechanical properties degrade
with the first five cycles; in this case, it can be seen that the fast damage
stage lasts between 3 and 5 cycles, while the damage growth rate is
reduced in the slow damage phase, as expected [32]. Moreover, in
Table 5, the data from Fig. 11 have been presented to allow easy com-
parison to the topological values from Table 2. As established in Table 3,
the reduction rate depended on the initial internal structure of asphalt.

As seen in Fig. 9, with the increase in freeze-thaw cycles, new voids
are created, cracks are formed, and aggregates are lost in the voids,
which increases the connected voids [9]. Moreover, increased air-voids
content provides space for frost heaving generated by subsequent
freeze-thaw cycles and slows the damage growth, as seen in Table 3. A
similar reduction of mechanical properties was presented in [1,5,31],
with an initial reduction of fracture toughness and a plateau after the
fifth cycle. Furthermore, in [12], the Young modulus and fracture
toughness dropped about 30% after one freeze-thaw cycle and slowly
reduced.
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In previous studies, it was found that asphalts with porosity ranging
from 6% to 13% have, in general, lower durability than other asphalts
[2,3,5,6,9]; in general, most of these studies did not consider the to-
pology of pores in the asphalt and the changes that occur to these voids
in the freeze-thaw cycles. As shown in Table 2 and Fig. 8, the asphalt
with 3% air void content is characterised by having the smallest void
diameter, highest Euler number, and lowest water retention rate. The
asphalt with 9.8% air void content has an intermediate voids diameter,
Euler number and the highest water retention rate. Finally, the asphalt
with 14% of air voids has the highest voids diameter, smallest Euler
number and an intermediate water retention rate. The authors found
linear correlations between the mechanical and some of the topological
properties of the pores at the range of freeze-thaw cycles studied. The
Pearson correlations have been presented in Table 6.

Reference [29] shows a strong and direct positive correlation be-
tween the air voids content, voids diameter or perimeter and volume of
the biggest air void and Euler number. Hence, we refer to these prop-
erties by referring to the air void content. In Table 6, we observe a strong
negative correlation between the air void content and the peak load,
Young modulus, and fracture toughness of the asphalts. During the fast-
damage stage, all of these properties declined with increasing air void
content regardless of the gradation, asphalt composition, or previous
freeze-thaw cycles. Based on this, it could be possible to approximately
predict the freeze-thaw durability of asphalt by simply measuring its
voids content, and one can conclude that the main source of low dura-
bility for the asphalt during the freeze-thaw cycles is the physical
damage it suffers from increasing its voids size and content. Moreover,
despite the high reduction rate in the fast damage stage, the mechanical
properties did not undertake additional damage, reaching a steady
stage, which indicates that asphalt with higher void content has the
highest long-term durability. The tortuosity influences also the me-
chanical properties indicating that asphalt with more twisty void shapes,
with lower circularity and higher aspect ratio, has lower ultimate
strength, fracture toughness and fracture energy. Finally, the fracture
energy shows the same trend as the rest of the mechanical properties
studies; however, it does not seem to be strongly correlated to any of the
topological properties being considered, which may occur because this
property is related to the mastic properties rather than to the asphalt’s
gradation.

Besides, Fig. 12 shows the slope of the percentage reduction of peak
load, young modulus, fracture toughness and fracture energy during the
first three freeze-thaw cycles. This figure shows the asphalt that reduced
its mechanical properties most due to freeze-thaw, regardless of the
initial strength of the material.

The peak load, fracture toughness and fracture energy of asphalt
with target air voids content of 9.8% reduced the most; the Young
modulus, defined as the relationship between the peak load and the
deformation at the peak load, did not reduce as much as in the other two
materials, probably because the asphalts broke before the deformation
could reach a high value. From Table 2, it can be observed that the to-
pological properties of air voids in the asphalt with target voids of 9.8%
are not higher than those of the asphalt with target air voids of 14%. The
only difference between both asphalts was the water retained, which
was 2.05%, 7.28% and 4.13% by total weight in the mixtures with target
air voids of 3%, 9.8% and 14%, respectively. Hence, one can conclude
that the capacity to retain water by the asphalts is a key factor regarding
its durability to freeze-thaw cycles.

Fig. 13 displays the fracture toughness reduction rate per cycle for all
samples in dry and wet conditions after three cycles. The result shows
that the asphalt tested in wet conditions has the highest strength
reduction within three cycles; hence, this figure demonstrates the
damage caused by water to the asphalt during the freeze-thaw cycles.
Interestingly, in dry conditions, the asphalt with target air voids of 3%
suffers the greatest damage, possibly due to the highest amount of
bitumen, which has a different coefficient of thermal expansion
compared to the aggregates. Aggregates and bitumen contract and
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Fig. 11. Evolution of (a) Peak load, (b) Young modulus, (c) Fracture toughness, (d) Fracture energy with the freeze-thaw cycles.

Table 5
Mechanical properties of the test samples examined.

Values Standard deviation

Sample (target Freeze Peak Young Fracture Fracture Peak Young Fracture Fracture

voids content) Cycle load Modulus toughness (kPa m energy (J/m?)  load Modulus toughness (kPam  energy (J/m?)

(kN) (GPa) 0.5) (kN) (GPa) %)

3% New 5.54 0.55 841 48.14 0.37 0.08 117 3.23
FT1 5.29 0.56 814 45.97 0.58 0.13 246 5.05
FT2 4.17 0.52 651 36.23 0.10 0.05 39 0.90
FT3 3.78 0.50 521 32.84 0.25 0.07 104 2.17
FT5 4.25 0.45 558 36.92 0.01 0.05 11 0.07
FT20 4.00 0.47 704 34.76 0.02 0.05 10 0.07

9.8% New 4.48 0.34 921 38.93 0.74 0.09 91 6.43
FT1 3.92 0.46 1027 34.03 0.32 0.10 77 2.80
FT2 3.05 0.32 628 26.46 0.42 0.05 37 3.67
FT3 2.82 0.36 609 24.53 0.24 0.12 21 2.07
FT5 3.00 0.34 359 26.09 0.30 0.09 12 2.58
FT20 2.94 0.25 414 25.54 0.15 0.08 107 1.34

14% New 2.43 0.30 699 21.11 0.42 0.05 70 3.67
FT1 2.61 0.32 763 22.70 0.50 0.05 93 4.30
FT2 1.93 0.23 689 16.77 0.32 0.00 168 2.75
FT3 1.67 0.27 540 14.47 0.74 0.01 206 6.47
FTS 1.99 0.24 440 17.25 0.42 0.05 64 3.61
FT20 1.40 0.17 390 12.19 0.71 0.07 101 6.17
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Table 6
Pearson correlations between the samples’ mechanical and topological properties, including new asphalt (dry condition) and, after going through freeze-thaw cycles.
Air void Average void Volume of biggest air ~ Void perimeter Voids Aspect ratio  Voids circularity Euler  Tortuosity
content diameter void (%) (%) (%)
Peak load (kN) —-0.89 -0.61 —-0.90 —-0.81 —0.45 0.64 0.77 —0.55
Young Modulus (GPa) —-0.91 —0.78 -0.91 —0.89 —0.55 0.70 0.75 —0.51
Fracture toughness (kPa —0.89 —0.61 —0.90 —0.81 —0.45 0.64 0.77 —0.55
0.5
m ")
Fracture energy (J/m?) —0.40 —0.50 —0.40 —0.24 —0.43 0.14 0.08 —0.04

Air void content, %
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% reduction rate /cycle

-16 1 m Peak load rate Y oung modulus rate
<18 1 BFracture energy rate m@Fracture toughness rate
-20

Fig. 12. Percentage of reduction per cycle for the: (a) Peak load, (b) Young
modulus, (c) fracture toughness, and (d) fracture energy.

expand differently during the freeze-thaw cycles, causing stress during
the freeze-thaw cycles. The results align with references [33,34]. These

Air void content, %

3% 9.8% 14%

7cycle
S
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AN\
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Fig. 13. Percentage of fracture toughness reduction per cycle for dry and
wet conditions.

authors observed a drop in mechanical properties for asphalt with air
void content of around 3%, concluding that the principal factors influ-
encing degradation are bitumen content and aggregate type and shapes..

3.3. Summary

Fig. 14 shows how the damage progresses for the three types of
asphalt analysed in the slow and fast damage stages.

In the asphalt with target air voids 3%, the connected voids increased
gradually during the slow and fast damage phases, see Fig. 14 (a).
During the slow damage phase, the unconnected voids content remained
approximately stable, and the connected voids content increased grad-
ually. As a result, the fracture toughness, fracture energy, Young
modulus and peak load of the asphalt decreased [9]. This was the
asphalt that retained less water, and hence, it was characterised by high
fracture energy and resistance to low-temperature cracking. However, in
dry conditions, this asphalt is the one that degrades the fastest.

In the asphalt with target air voids of 9.8%, the voids content grew
approximately 48% in 20 cycles; the unconnected voids reduced to
approximately none, while all the rest of the voids were connected, see

10

Fig. 14 (b). This mixture retained the most water because it had a high
content of open voids with one closed end. As a result, several cracks
appeared, very fast during the fast damage phase and progressively
during the slow damage phase [10,30]; these cracks coalesced to the
extent that aggregates were lost. This resulted in the largest decrease in
mechanical properties among all the asphalts studied [6].

Finally, the asphalt with target air voids of 14% retained less water
than the previous one, and the ice had more room to expand; hence, the
reduction in mechanical properties was lower [30]. The voids in this
asphalt were mostly connected and increased their size and total air
voids content with the freeze-thaw cycles. In dry conditions, this is the
asphalt that degrades more slowly.

4. Conclusions

Several types of asphalt with acceptable air void contents ranging
from 3% to 14% were examined for their influence during freeze-thaw
cycles, where a correlation between differences in air void topology and
changes in mechanical properties was established. According to the re-
sults in this study, the topological properties evolution under freeze-
—thaw cycles was influenced by three different phenomena: (1) volume
increase of the existing voids and formation of small cracks, (2) voids
coalescence, and (3) cracking and new voids formation. The voids were
analysed using X-ray CT scans after every freeze-thaw cycle, and the
mechanical properties were measured from 3-point bending tests. The
following conclusions were obtained:

The three different asphalts had different behaviours when exposed
to freeze-thaw cycles, attributed to the different aggregate size distri-
butions and air void topologies. Hence, the durability of asphalt to
freeze-thaw cycles could be controlled by carefully selecting the
aggregate gradation, aggregate morphology and air void topologies.

The damage under wet conditions progressed in two stages; (i) fast
damage stage and (ii) slow damage stage. The fast damage stage lasted
approximately three freeze-thaw cycles and new voids and cracks
formed rapidly; the peak load strength reduced fast too. The slow
damage stage occurred after the fast damage stage, and the voids and
cracks opened gradually. Therefore, the mechanical properties reduced
gradually too.

In wet conditions, the asphalt with target air voids of 9.8% showed
the highest level of damage in the fast damage stage and the lowest in
the slow damage stage. The reason was that this asphalt retained the
highest amount of water in the pores of all the three types studied. Water
retention and air void content were among the main parameters influ-
encing the durability of asphalt; hence, the durability of asphalt can be
controlled with the gradation and mastic content. This result suggests
that open grade asphalt may perform best in cold regions.

In wet conditions, the fast damage stage could not be appreciated in
the asphalt with target air voids of 3%; the reason was that the voids in
this mixture were not connected, and the water retained was minimal.
Hence, damage progressed slowly and constantly in this asphalt, leading
to sudden failure. The fast damage stage occurred in the mixtures where
voids were connected, and the water retention by weight of the asphalt
was high.

Unlike in wet conditions, in dry conditions, the asphalt with target
air voids of 3% suffered the highest amount of damage during the
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Aggregate
Mastic
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Slow damage stage
Crack

Crack

Fig. 14. (a) schematic representation of the three sample during the two stages: (a) 3%; (b) 9.8%; (c) 14%.

freeze-thaw cycles due to the higher amount of aggregates and bitumen
and their thermal expansion.

Based on these findings, we can conclude that the internal void to-
pology influences the mechanical properties of asphalt through freeze-
—thaw cycles; and that open grade asphalt may perform well in cold
climates.

The initial water retention of the asphalt could be established as the
index to determine the durability of the asphalt, with equal importance
to measuring the air voids and macrotexture, as it is done at present.
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Chapter 6

Peridynamic modelling and simulation

of asphalt at low and high temperature

In this Chapter experiments on asphalt mixture with three different void content has been carried out
at low and high temperature to assess the mechanical and fracture properties and correlated with the
internal structure such as void and aggregate. Further investigation has been carried out using X-ray
CT scan to obtain the topologies. The computational studies have been used to compare with the

experiments.
This chapter has been submitted to Journal of Construction and Building Materials
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Abstract

Asphalt mixture undergoes damage caused by loading and environmental conditions. Understanding
the degradation mechanisms may help design novel types of asphalt mixture. Experimental tests, X-
Ray CT scans and computational analysis can provide a complete assessment of the asphalt mixture's
mechanical properties and fracture characteristics. In this study, the effect of temperature, aggregate,
and void characteristics on the mechanical properties and fracture resistance are investigated, both
experimentally and computationally. Three types of asphalt mixture are manufactured and x-rayed to
acquire the internal structure of voids and aggregates. Asphalt mixture mechanical properties are
determined and correlated with aggregate, void and properties. Asphalt mixture has lower mechanical
and fracture properties with higher void content ( more than 14%) and larger aggregate (20 mm).
Irregular pores are detrimental to the asphalt mixture properties. CT scans were used to digitalize the
asphalts mixture samples before they were simulated with the peridynamics model. The model
reproduces the asphalt mixture characteristic at both low and high temperatures with 23.06% and

6.9% errors respectively.
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6.1 Introduction
Asphalt mixture is one of the most utilized pavement materials. As a heterogeneous composite
material, composed of aggregates, bitumen, and mineral filler, the properties of asphalt mixture is
dependent on its component's mechanical/physical properties (such as aggregate and binder
composition, gradation, distribution and orientation) and void ratio in addition to the environmental
factors such as high temperatures or freeze-thaw actions [2], [3]. The cycling and environmental
conditions cause the deterioration of asphalt mixture; hence reducing its lifespan and increasing
maintenance costs [5], [6]. Understanding these degradation mechanisms is, therefore, important for
better design and maintenance of this widely used material.
Asphalt mixture properties are influenced by the temperature which directly influences the asphalt
mixture properties and lifetime. Asphalt mixture 's performance and softness changed as the
temperature changed, and temperature sensitivity is an influential index for estimating asphalt mixture
properties. Asphalt mixture is a viscoelastic material that becomes brittle at low temperatures [4]. At
high temperatures, the typical asphalt mixture damage is rutting caused by the low stiffness of
bitumen [168] and a poor asphalt mixture composition [169]. At low temperatures, water permeation
may lead to crack formation which may cause ravelling and the premature failure of the pavement
[172].
Many researchers using semi-circular bending tests (SCB) have investigated the effect of mechanical
properties of aggregate gradation, the topology of voids and temperature on the properties of asphalt
mixture [6], [12], [13].
SCB test is the most popular to assess the mechanical properties of asphalt mixture such as the tensile
strength and the fracture energy [15]. Moreover, this test is also used to determine the cracking
resistance using the fracture toughness [14]. However, the SCB test alone is insufficient to determine

the asphalt mixture's properties because the asphalt mixture's internal structure plays a key role in
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asphalt mixture performance. Hence, X-ray CT scans provide information on void content and the
topologies of voids [172]. This technology allows for characterising and quantifying voids
percentage, tortuosity, void circularity, roundness [172], and aggregates' topology [8].

Despite several efforts to investigate the fracture characteristics of asphalt mixture using X-ray CT
scans, these cannot illustrate the evolution of the damage within asphalt mixture which is crucial for
understanding the deterioration mechanisms. As a result, a numerical method could give a tool for
understanding the mechanics of asphalt mixture degradation.

Numerical approaches have clear advantages compared to experimental tests providing a more
flexible and cost-effective approach to researching asphalt mixture behaviour, and numerous studies
have used numerical simulations of SCB tests. For example, Sun et al. [19] used experiments and the
discrete element method to study the impact of porosity on fracture properties at low temperatures.
Xue et al [20] used the discrete element method in a 2D model to simulate the fracture behaviour of
asphalt concrete at low temperature. However, the model did not consider void and in 2D the crack
development is not close to the 3D.

Successful numerical models and techniques have been used to explore the mechanical behaviour of
asphalt mixture in recent years, including the finite element method (FEM) [21] and the lattice spring
model (LSM) [20]. Three-dimensional dynamic fracture and multi-crack propagation are still difficult
to represent, for example, with FEM which is based on continuum mechanics and has limitations
when singularities appear [25], XFEM address that limitation by reducing the remeshing in cracking
analysis but for the heterogeneous material is still limited due the facial boundaries need more
adjustment [173]. Novel mesh-free methods may exhibit excellent results to simulate crack
propagation without mesh regeneration. The Lattice spring model (LSM) is one of the first mesh-free
methods, representing the material as computational particles and the mechanical properties with

springs that connect the particles [174]. Moreover, Peridynamic (PD) [175] is a novel mesh-free
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method that belongs to the same category of LSM based on discretising the material using spatial
integral equations rather than partial differential equations. Unlike the FEM, Peridynamic can model
discontinuities, including stationary, and unlike the lattice spring model, it can be used for dynamic
fracture and crack propagation in brittle materials [8], [176]. The model is discussed in the next
paragraph. The application of Peridynamic to simulate the mechanical properties and damage in
construction materials is highly innovative.

The results present in the literature, e.g. [2], [12], [13], are experimentally based and ignore the
influence of the single component of the mixture. Researchers [127], [130], [172] have investigated
asphalt mixture at a smaller scale with the CT scan providing topologies information of the asphalt
mixture under different loading and environmental effect. Despite these efforts, the CT scans results
are not correlated with the mechanical results and in addition, both the experiment and CT scan hardly
provide the evolution of the damage under these detrimental effects. The numerical studies provide
the information necessary for understanding the evolution of asphalt mixture performance under
different solicitations, but to the best of our knowledge, the methods used to numerically study asphalt
mixture are not very accurate like the damage phenomenon. For instance, in [151] the fracture
behaviour of asphalt mixture was investigated using XFEM, to overcome the re-meshing limitation.
Despite the model corrections, the crack propagates through aggregate or follows a straight line [144]
which is not observed in the experiment. In general, researchers seek to improve the anti-crack
performance of asphalt mixtures from the standpoint of material properties, such as filler and
additives, rather than focusing on optimizing aggregate gradation and composition.

However, experimental studies are expensive because they require many time-consuming tests.
Hence, combining experiments with computational studies based on peridynamic may cut the cost of
developing more resistant materials. This study provides a tool for optimising asphalt mixtures and

predicting mechanical and fracture properties using computational methods.
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Hence, this experimental and computational investigation aims to understand the effects of internal
structure and temperature on the asphalt mixture’s mechanical properties and its fracture resistance.
To achieve this goal, we quantified asphalt mixture and mastic's mechanical and fracture properties
at various temperatures. Asphalt mixtures samples were scanned to acquire the aggregate and void
characteristics to compare them to asphalt mixture's mechanical and fracture properties. Furthermore,
the results of the computational analysis using the realistic digital samples were compared with the
experimental results to understand the mechanism and the impact of the internal structure on fracture
performance and provide information for a better design of asphalt mixture under different

temperature conditions.

6.2 Theory
6.2.1 Peridynamics
The material body is represented as a lattice in the Peridynamic theory. The nodes of the lattice
interact with other nodes in the neighbourhood, known as horizons which behave through a
constitutive equation that relates deformation and force, contrary to traditional continuum mechanics
which relates strain and stress. Peridynamic modelling can be generally based on a bond-based or a
state-based approach. In the Bond-based Peridynamic [175], the particle forces are solely dependent
on the bond between them and thus the results are constrained to a Poisson ratio of 1/4 3D (or 1/3 in
2D). In states-based Peridynamic [177] the connection between bonded elements depends on a matrix
of particle states. State-based Peridynamic is more complex, but it is not limited to a constant Poisson
ratio. In the state-based Peridynamic, the materials are modelled as elastic using the state-based
peridynamic linearly elastic models (LPS) [177], viscoelastic using visco-elastic peridynamic solid

models (VES) [178] and elastoplastic using elastoplastic peridynamic solid models (EPS) [179]. Here
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we use the LPS and VES model which belong to the State-based peridynamic. In addition, VES is a
special case of LPS which can model both elastic and viscous material.

The fundamental Peridynamic equation of motion are given by [177]

PGt = | {T (o0 —x) = T(x', 0)x — x)}dV" + b(x, 1) (63)

Hy

where p(x) is the mass density of the material at the reference position x, i is the acceleration of the
material point x, H, is a neighbourhood of x comprising all material points x’ inside the horizon &,
b is the density field of a body force, and dV' is the infinitesimal volume. The T is the force vector
state field at time t, acting to the bond (x" — x) within the horizon and with the dimension of the force

vector per unit volume squared, is defined as

£+

TCo )G —x) = f&' = x) g

(64)

where f is the force state’s scalar component known as the force modulus state, € is the vector state;

that is the relative position between the two particles in the reference configuration defined as

X{x'=x)=x"—x =¢ (65)

In a non-deformed body, B,, X is the reference state mapping all bonds. Associating with the bond,

U is the relative displacement vector state provided by
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Ux' —x) =ulx',t) —ulx,t) = n

(66)

Figure 28 shows the deformation state Y which maps all bonds into its deformed image, B distorted
picture, and given by

Y=X+U=y —-y=¢c+n

(67)

Where y and y' are the new position of the particles x and x'.

il T

Figure 28: Graphical illustration of the deformation of body Bgand the relative modification of
the bond ¢ represented in (3).

The force scalar state for the linear elastic model is given by [177]-[179]
(68)
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where t* and t¢ are respectively the scalar volumetric and deviatoric state, k is the bulk modulus, the
w is the influence function also named the scalar weighting function that measures the influence of
the bonds involved in the force state calculation, whose argument is the bond vector ¢ in the reference
configuration [177].

The weighted volume is given by
m=(wx) x (69)
The dilatation volume which is a scalar state, of the neighbourhood H,, defined as follow

0 = %(Q x)e (70)

The extension e which is a scalar state, is given by

e= || || (72)

Also defined as

¢ (72)

|
I

|
I

|

el is defined as spherical extension state and given by
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Lo OlIxI -

The reference position scalar state is given by

x () = llell (74)

The scalar deviator state component e? is defined as

0||X
ot = o 20X (75)
— = 3
and a is related to the shear modulus G as
15 G
a=— (76)
m

The viscoelastic model, as an extension of the LPS model, adds a decomposition of the scalar
extension state e. The model applies the viscoelasticity to the deviatoric part of the scalar extension
state e remaining associated with the elastic theory.

The viscoelastic peridynamic model (VES) [178] describes the material as a standard linear solid,

schematized in Figure 22.
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Figure 29 Standard linear solid model for viscoelastic peridynamic solid models.

The scalar extension state e is divided into spherical and deviatoric parts. The spherical part represents

the isotropic expansion and the deviatoric part the shear deformation [178]. The deviatoric is made

of elastic e?¢ and back extension e4?® parts

ed = gde 4 odb()

According to the last equation, the scalar force state t is given by

3k6

t=t+tl= T LX T (@ + ag)e? — ajwe®®)

| o~
Q

The elastic parameter a is described as follows

a= a,+ q;

A 1S the elastic part and a; is the relaxation moduli.

Normalising the relaxation moduli a; as
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(80)

Substituting (80) in (79) the elastic a, is
aw, = a(l—4;) (81)

where A; ranges between 0 and 1. When 4; is close to 0, the model is elastic, and when it is close to
1 viscoelastic [178].

The evolution equation of the scalar deviatoric force back extensions’ dashpot is given by [178]

-t
t4(t) = ef (@ + aie™) (82)

where 77 is a time constant.
To describe fracture, the concept of bond failure is introduced in proportion to the strain of the bond,

as defined by

_ e = ol = lxe =l _ I+ ell = llel
Xt = 0] el

(83)

When s exceeds a crucial value sy, the bond is broken and consequently not part of the body after

that. The critical constant value s, is defined as [153]
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S0 = |28 (84)

The critical value s, is not constant depending on the overall state and adjusts dependent on its

damage which is described as

1-— fH u(x,t,)dv,

p(x,t) = (85)
T V.
where u is a value of 0 or 1 and history dependent damage function, i.e.
_(lifs(the)< so VOt <t
t,e) = 86
uit.e) {O otherwise (86)

For materials like mastic, it is a simplification an independent s, from other conditions, like

compressions, therefore the damage criterion is better modelled if the value is variable as follow

So(t) = Sp0 — ASmin(t) (87)

For a given material point, soo is a constant and Smin is the current stretch minimum among all bonds

attached to it [153]

lyex' — x| — [|X¢x' x>||} _ In+el® — el )

Smin(t) = min { X — ]| Il
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6.3 Methodology
6.3.1  Asphalt mixture and Mastic preparation
Three different asphalt mix varieties are manufactured according to BS EN 12697-33 [180] and BS
EN 12697-35 [181]. All mixes are made with crushed granite aggregates up to 20 mm in size and
60/40 pen bitumen, blended at 165 °C and roller compacted at 165 °C. Table 1 provides the aggregate
gradation and binder content of asphalt mixtures.

Table 1. Asphalt mixture composition

Target void content, %

Size (mm)

3% 9.8% 14%

20 0 23.6 0

14 0 42.4 0
10 58.9 0 63.5
6.3 7.5 94 18.9
Dust 18.7 12.3 7.6
Filler 8.4 6.6 4.7
Bitumen 6.5 5.7 55

Air void content 3 9.8 14

The bulk densities of the asphalt mixtures are calculated following BS EN 12697, part 5 [180] and
part 6 [180]. Ten asphalt mixture slabs of 300 mm x 300 mm x 60 mm are manufactured with 3%,

9.8%, and 14% air voids and calculated using the equation (89) according to [180].

Pm — P (89)
Pm

o~
I
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where the asphalt mixture’s void is Vg, %, the asphalt mixture maximum density is p,,, kg/m?, and py,
is the bulk density of asphalt mixture, kg/m?.

Cylindrical cores 100 mm in diameter and 60 mm in height are extracted from the slabs using a core
saw. The cylinders are trimmed for around 10 mm on the top and the bottom of the cores. Five cores
per slab are removed, totalling 50 cores of 100 mm diameter and 40 mm height. Cutting each core
along its diameter lead to two semi-circular specimens which are used to investigate their fracture
properties. To examine fracture properties, a vertical notch is inserted along the symmetrical axis
with 10 mm + 1 mm of length and thickness of 4 £ 0.5 mm.

Three mastics corresponding to these in the asphalt mixtures in Table 1 are manufactured. The mastics
are a mixture of bitumen and aggregates with an average diameter smaller than 2.36 mm [182]. The
dust is sieved to 2.36 mm and mixed with filler and bitumen in the same percentages shown in Table
1.

Bitumen and aggregates are mixed manually with a spatula at 165 °C and poured into a mould to
produce beams with a dimension of 3 cm x 3 cm x 10 cm, see Figure 30. The mould had a triangular
notch to induce a predetermined breaking point. Once the mastic cooled down to 20 °C, it is removed

from the mould and stored at constant temperatures, of -10 °C and 20 °C.

30 mm

Figure 30: Mastic specification
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6.3.2 3-point bending test

The 3-point bending test is used to characterise asphalt mixtures and mastics at -10 °C and 20 °C

following to BS EN 12697-44 [183].

In this study, semi-circular specimens and mastic beam are conducted under the three-point bending

load configuration. The sample is placed on two rollers, at the distance of 80 mm between them see

Figure 1.

y Loading strip

Wt ()

Roller

| 100 mm |

80 mm ‘

Figure 31: Semi-circular bending test

Until the material failed, the load is applied at a steady rate of 5 mm/min. The load and specimen
deformation are both reported. The specimen’s peak load is also calculated.

The maximum stress at failure [183], a,,, is obtained with the equation

o = 4263 x F (90)
m Dxh
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Where D is the diameter, m, h is sample thickness, m, and F is the peak load, N.

The material’s resistance to fracture is calculated using the fracture toughness, K;, as shown in [183]

K, = opx f(%) (92)

where W; is the height of the specimen, a; is the notch depth, and f (%) the geometric factor. The

geometric factor f(%) 15 5.956, for 9 < a;< 11 mm and 70 < W; <75 mm. For other a; and W; values,

the geometric value can be calculated according to the formula [183]

(ai) — 49965 + 155.58 (ai) 799.94 (ai)2+21419 (ai)g
F(G) = -+ 58 (7 94 (7 9 (7

(92)

2709.1 (ai>4 +1398.6 (ai)s
1y 6 (w

The fracture energy is the area below the load-displacement curve until the specimen is broken [183]

and describes the energy released during cracking
G =Y (93)

I Alig

Where W is the fracture’s work and A;;, the ligament area, defined as
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Ajg= (r—a)xh (94)

Where r is the specimen radius, m, a is the notch length, m, and h specimen thickness, in m.

In this study, the fracture performance of asphalt mixture is calculated through its fracture toughness.
The Young modulus and fracture energy of mastics are used as inputs for the numerical model of the
asphalt mix.

The coefficient of variation (COV) is the ratio of the standard deviation to the mean of the

experimental value [170]. COV is calculated using equation (95)

Standard deviati
coy = Standard deviation (95)

mean

6.3.3 Images acquisition and creation of digital materials
A Phoenix v|tome|x L 300 micro-CT scanner is used to scan the asphalt mixture's CT scans. The
device contains an X-ray tube (MXR320HP/11, 3.0 mm Be + 2 mmAl from GE Sensing and
Inspection Technology) that generates 290 kV of acceleration voltage and 1300 mA of current

[8],[172].

The specimens are mounted on a rotatable table and positioned 906.84 mm from the X-ray source.
The scans are recreated using the GE Datos|x reconstruction programme at 2x resolution. The results

have a spatial resolution of 45.2 mm and isotropic, therefore the slice thickness is also 45.2 mm.

Voxel values represent the attenuation of x-rays, and the images are generated in 16-bit format (.tiff).
VG Studio Max [166] and ImageJ, Version 1.8.0 [184], are used to analyse the images and convert

them to grayscale in 8-bit.
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ImagelJ is used to distinguish the different parts of the samples, such as aggregates, air voids, and
mastic applying the grayscale thresholding to segment the materials. Minor isolated clusters of less
than 0.5 mm are deleted from the image as small voids, aggregates, or noise. The segmented photos
of the air spaces and aggregate are stacked in VGSTUDIO MAX to create 3D surfaces. ImageJ is
used to calculate the void and aggregate topologies obtaining the mean diameter, mean area, aspect

ratio and circularity.

Using Fiji’s Particle Analyser plugin [184] (Version 1.4.3), the equation (96) calculates the mean

diameter, D,,cqn, USing the thickness algorithm

D =1 iV (96)
mean n V
=171

where, d; is the diameter of single void or aggregate and, V; is the volume of each pore or aggregate
in the sample. The mean area is calculated using the BoneJ surface area [184] plugin (Version 1.4.3)
by converting pores or aggregate into triangular meshes and calculating the total surface area and

volume of pores or aggregate

A
Mean area = V (67)

Where A is the total surface of voids or aggregates and V the specimen’s volume.

The digital volume of voids and aggregates (e.g. air void content) is calculated as the

average mean area of all images divided by the number of images
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average mean area (98)

Mean volume = -
number of images

The aspect ratio is defined as the ratio between the biggest and smallest orthogonal diameter of the
void or aggregate. Particle Analyser plugin [184] (Version 1.4.3) in Fiji calculates the aspect ratio's

value (4,.) using the equation (100) utilising the shape descriptors algorithm as

A, = Ainax (99)

min

1

Where d o, and d,,;, respectively are the largest and smallest orthogonal axis.

Particle Analyser plugin [184] (Version 1.4.3) in Fiji calculates the circularity (Circ) using the

equation (100) utilising the shape descriptors algorithm as

4A
Circ = — (100)

Where A and P are respectively the area and the perimeter. The perfect circle void or aggregate has a

value of 1, and the elongated void or aggregate has 0 value.

A square lattice with side 1=0.00067 m is imposed on the image stacks of asphalt mixtures using
MATLAB. The lattice distance was chosen accordingly with a previous study [8] where the validation

of the model was assessed. A peridynamic particle corresponds to a lattice node, see Figure 32. Since
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different asphalt mixtures had a range of void and aggregate contents, they also had different particle
numbers.

The numbers of particles for the mortar are 272,237, 186,503 and 221,665 for asphalt mixtures with
3%, 10% and 14% voids content, respectively. The numbers of particles for the aggregates are
191,151, 246,681 and 198,719 for asphalt mixtures with 3%, 10% and 14% voids content,
respectively.

To evaluate the reliability of the simulation, we calculated the errors [185] between the result of the

simulation and the physical test using equation (101).

Resultg;,, — Result
Error = =il 9Bl % 100% (101)
Result,,,

Where Resultg,;,, and Result,,; are the value of the simulation and experiment respectively.

The relative error between the air voids content of the asphalt mixture samples and digital asphalt
mixture is calculated with equation (101) to evaluate the accuracy of the model generation’s methods.
The relative errors in the air void content in digital asphalt mixture are for the 3%, 10% and 14%
asphalt mixtures 1.3%, 3.3% and 0.3% respectively. The error is attributable to the inevitable loss of
information on the sample's surface during the X-ray process [131]. The result indicates an accurate

reproduction of the real asphalt mixture structure.
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Aggregate Mastic Void
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Figure 32: Asphalt mixture digital sample

6.3.4 Software used for the simulations
The simulations are carried out in LAMMPS [186] with the Peridynamic package [187] which is a
free open-source software for material modelling at a range scale from atomic to mesoscale to
continuum with the advantages to interact with different models [8]. The simulation output is

visualised with OVITO [188] which is a free software for atomic visualisation and analysis.

6.3.5 Material properties for the simulations
The intrinsic properties of aggregates are the same for all simulations. The mastic and the
mastic-aggregate proprieties depended on the mastic mixture and the temperature. This chapter has
investigated three temperatures: -10 °C and 20 °C. Mortar is elastic and brittle at -10 °C, and
viscoelastic at 20 °C. The aggregate is considered elastic at all temperatures. We used the linear elastic
Peridynamic model (LPS), for brittle materials and the viscoelastic Peridynamic model, VES, for
viscoelastic materials. The viscoelastic material in VES is modelled using the standard linear solid

model.
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In Table 2, the mechanical properties of the mastic, aggregate and interface simulations are listed.
These have been obtained from a previous study for -10°C [172]. For 20°C, they are obtained from
3-point bending tests.

The mechanical properties of aggregate are obtained from reference [189], and for the interface, we
assumed the Young modulus is the same as the mastic, and the fracture energy G, at the interface is
determined from reference [190]. The literature emphasises the difficulty in obtaining the fracture
energy at -10 °C, and the results obtained are highly varied. As a result, the author chose the value

that best matched the results.

Table 2. mechanical properties of mastic, aggregate and interface used in the simulation.

E [Pa] v[-] p[Kgm® Gol[J/m?]
Asphalt mixture 3% void (-10°C)  Mastic 1.9x 108 0.25 2200 255
Aggregate 1.4x10%° 0.15 2500 1250
Interface 1.9x10® 025 - 5
Asphalt mixture 10% void (-10°C) Mastic 1.41x10% 0.25 2200 207
Aggregate 1.4x10'° 0.15 2500 1250
Interface 1.41x10® 0.25 - 5
Asphalt mixture 14% void (-10°C) Mastic 4.37x 10" 0.25 2200 235
Aggregate 1.4x10'° 0.15 2500 1250
Interface  4.37x10" 0.25 - 5
Asphalt mixture 3% void (20°C) Mastic 79x10° 0.25 2200 523
Aggregate 1.4x10'° 0.15 2500 1250
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Interface 7.9x10° 025 - 637

Asphalt mixture 10% void (20°C) Mastic 5.8x10° 0.25 2200 611
Aggregate 1.4x10'° 0.15 2500 1250
Interface 5.8x10° 025 - 637

Asphalt mixture 14% void (20°C) Mastic 29x10° 0.25 2200 312
Aggregate 1.4x10%° 0.15 2500 1250
Interface 2.9x10° 0.25 - 637

6.3.6  Description of the viscoelastic behaviour of asphalt mixture using a Prony series
Viscoelasticity is a time-dependent property of materials that exhibit both elastic and viscous
behaviour when deformed, such as the mastic. It can be described with a creep test which consists of
a sudden strain applied to the body which is kept constant over time to measure the relaxation of
stress. The elastic part is the initial tension, while the viscous part represents the stress relaxation over
time.

The resulting stress against time is modelled with a Prony series [191] as follows

E(t) = E,, + 2 Eqexp (Z-f) (102)

Where the equilibrium modulus is E,, when the material stress is totally lowered and it happens at

time t infinite, the relaxation modulus is E,, T; is the relaxation time.
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The t; required for the VES is obtained with the Prony series [178], see Table 3. The t; is obtained
fitting the standard nonlinear solid model curve using the minimisation solver between predicted with
experimental one.

Table 3. Prony series for the mastic [192].

Item t(s) E.. (MPa)

1 6.20 x 102 26.99
2 1.35x 10" 20.13
3 291x 101 13.85
4 6.28 x 10 8.72
5 1.35x 10° 5.04
6 2.92x10° 2.76
7 6.28 x 10° 1.44
8 1.35x 10 0.73
9 2.91 x 10 0.37

10 6.28 x 10! 0.18

The parameters of the Prony series are in Table 3 and obtained from reference [192].

6.3.7 Peridynamic parameters used for the simulations and virtual experiment

Table 4 shows the peridynamic parameters of the aggregate and mastic used for the simulations.

The value of A describes the viscoelasticity degree of material and is between 0 and 1. The value of

A closes to 0 describe a material as elastic and close to 1 as viscoelastic. For instance, the aggregate

value assigned for A is 0.01 and for mortar and interface is 0.99.
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Table 4. Peridynamic parameters used in the simulations

Sw[] a[] N T A

Mastic 0.02366 0.25 272,237 --- ---

Asphalt mixture 3% void (-10°C)  Aggregate 0.00721 0.15 191,151 ---

Interface 0.00054 0.25 ---

Mastic 0.02475 0.25 186,503 --- ---

Asphalt mixture 10% void (-10°C) Aggregate 0.00721 0.15 246,681 ---

Interface 0.00054 0.25 ---

Mastic 0.04736 0.25 221,665 --- ---

Asphalt mixture 14% void (-10°C) Aggregate 0.00721 0.15 198,719 ---

Interface 0.00054 0.25 ---

Mastic 0.52520 0.25 272,237 0.0048 0.95

Asphalt mixture 3% void (20°C)  Aggregate 0.00721 0.15 191,151 100 0.01

Interface 0.00615 0.25 --- 0.0048 0.95

Mastic 0.66253 0.25 186,503 0.0048 0.95

Asphalt mixture 10% void (20°C) Aggregate 0.00615 0.15 246,681 100 0.01

Interface  0.00615 0.25 --- 0.0048 0.95

Mastic 0.66953 0.25 221,665 0.0048 0.95

Asphalt mixture 14% void (20°C) Aggregate 0.00721 0.15 198,719 100 0.01

Interface  0.00615 0.25 --- 0.0048 0.95

The semi-circular bending test is replicated by placing the digital sample in a simulation box, laying

on two cylindrical supports separated by 80 mm, simulating the experiment conditions.
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The compression is supplied from the top of the virtual specimen at a regulated velocity along the
vertical direction at 0.001 m/s, emulating the test metal piston (we verified that at 0.001 m/s,
quasi-static conditions are attained.). The remaining directions are left available for expansion or
contraction. All simulations used a time step of 108 s.

Each particle has the volume of a cube and a side length equal to the lattice distance, such as 0.00067
m. The resultant force is determined as the density force per particle volume, see Figure 33. The
peridynamic force is determined using the total force per volume acting through the initial layer of

particles in contact with the piston. The displacement is monitored from the upper layer of particles.

L

Figure 33: Peridynamic force representation in the particles.

6.4 Results and discussion

6.4.1 Mechanical and volumetric properties of asphalt mixture
The SCB test results of asphalt mixture with 3%, 10% and 14% air void content assessed at -10 °C,
and 20 °C are shown in Figure 34. The results in this section will be used to validate the numerical
simulations of asphalt mixture mechanical properties. The stress-strain curve for the sample at -10 °C
indicates that the asphalt mixture behaviour is brittle, with an abrupt fracture at the peak force [4].
The crack began in the notch and spread straight across the sample [193]. The sample at 20 °C shows

low stiffness with visco-elasticity behaviour before the peak; after, the peak load gradually decreases
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[4]. The sample deformed permanently; however, this asphalt mixture had better fracture properties
with slow crack propagation, indicating high relaxation and long post-break displacement [194].

The average values, standard deviations and coefficient of variation of peak load, ultimate strain,
fracture toughness, and fracture energy of asphalt mixture at -10 °C and 20 °C are provided in Table
5. The peak load and ultimate strain are the maximum load and deformation of the sample before
failure, respectively. The equivalent Young Modulus has been calculated as the slope of the linear
section of the stress/strain curve. The values of the coefficient of variation are below 25% indicating
that the repeatability condition for this test is satisfied [12], [170]. As can be expected from previous
research, e.g. [195], asphalt mixture at higher temperatures has a lower peak load, Young modulus,
fracture energy, fracture toughness, and higher ultimate strength than asphalt mixture at a lower
temperature. In addition, the air voids content and aggregate skeleton affect the mechanical properties
of asphalt mixture [196]. These variations are ascribed to the influence of internal structure which
will be discussed using the simulations. Furthermore, as reported in other papers, e.g. [193],
increasing the air void content reduces the asphalt mixture's peak load, young modulus, fracture
toughness, and fracture energy. For example. at 20 °C, the asphalt mixture with 3% void content has
the largest peak load, fracture energy, and fracture toughness, and its ultimate strain is lower than the

asphalt mixture with 14% air void content [197], [198].
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Figure 34: Example of semi-circular bending test results at different temperatures

Differences in asphalt mixture composition and testing temperature resulted in different asphalt
mixture cracking behaviours [185],[199]. For example, at -10 °C in asphalt mixture with 3% air voids
content, cracks propagated primarily through the interfaces between aggregate and mastic and
occasionally broke aggregates to follow a straight line, as shown in Figure 35 (a). In addition, asphalt
mixture with a 3% air void content has the lowest aggregate content. Furthermore, larger aggregates
slowed crack propagation, deviating the cracks, see Figure 35 (b), a similar finding in [199]. Indeed,
the asphalt mixture with 10% void, with the highest aggregate dimensions and aggregate content, has
the highest ultimate strain and is less affected by temperature changes, while the asphalt mixture with
3% void and the smallest aggregate dimensions and content has a lower fracture characteristic, a
longer crack path, and is the one most affected by temperature changes (see Table 5 and Table 6.
Moreover, Figure 35 (c) shows asphalt mixture with 14% air void content, where aggregates had less
structural support, the crack propagated along the edge of aggregates and tried to follow a straight
line. Besides, the cracks at 20 °C occurred above the notch and over the test support for the asphalt

mixtures with 10% air void content, see Figure 35 (d). Finally, the crack for the asphalt mixture with
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14% air void content occurred above the notch only, see Figure 35 (e). The reason for this is that the

pores provided space for rearrangement that prevented cracking.

(@) (b) (©)

(d) (e)

Figure 35: Crack paths after semi-circular bending test at, (a) asphalt mixture with 3%
air void content at -10 °C, (b) asphalt mixture with 10% air void content at -10 °C, (c)
asphalt mixture with 14% air void content at -10 °C, (d) asphalt mixture with 10% air

void content at 14 °C (e) asphalt mixture with 14% air void content at 14 °C.
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Table 5. Mechanical properties of asphalt mixtures

Sample
Young Fracture  Fracture

(target Temperat Peak load Ultimate
Modulus  energy toughness

voids ure (°C) (kN) strain (%)
(GPa) (kPam %) (J/m?)

content)

3% -10 55 3.8 841.0 48.1 1.3

10% -10 4.1 2.9 921.0 35.6 2.0

14% -10 2.2 1.4 699.0 19.1 1.0

3% 20 2.3 0.4 4200.0 20.0 2.9

10% 20 2.1 0.2 3652.3 18.0 6.4

14% 20 1.0 0.1 2825.0 9.0 16.1

Standard deviations

Sample
Young Fracture Fracture

(target Temperatu Peak load Ultimate
Modulus energy toughness

voids re (°C) (KN) strain (%)
(GPa) (kPam %%  (I/m?)

content)

3% -10 0.37 0.30 117 3.23 0.009

10% -10 0.15 0.17 91 1.30 0.026

14% -10 0.049 0.13 70 0.43 0.090

3% 20 0.23 0.03 114 2.03 0.400

10% 20 0.19 0.01 181 1.67 0.597

14% 20 0.15 0.01 247 1.30 0.624

Coefficient of variant
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Sample

Young Fracture Fracture
(target Temperatu Peak load Ultimate
Modulus energy toughness
voids re (°C) (KN) strain (%)
(GPa) (kPam %% (I/m?)
content)
3% -10 6.7 7.8 13.9 6.7 0.6
10% -10 3.6 5.8 9.8 3.6 1.3
14% -10 2.2 9.2 10.0 2.2 9.0
3% 20 10.0 7.5 2.7 10.1 13.8
10% 20 9.0 5.8 4.9 9.2 11.8
14% 20 15.0 5.6 8.7 14.4 3.7
Table 6. Topology of aggregate
Sample (targetaggregate Mean aggregateMean  aggregateAggregate
voids content) content (%) diameter (mm) area (cm?) perimeter (mm)
3% 58.507 3.999 7299.446 5.903
9.8% 60.111 11.959 9189.788 10.027
14% 51.634 7.754 7751.569 9.416

6.4.2 Validation of semi-circular bending test simulations at -10 °C with experimental

results

To understand if Peridynamic can capture the mechanical and fracture properties of asphalt mixture

at temperatures at -10 °C, semi-circular bending tests have been simulated, and the stress-strain curves
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compared with experimental test results. The experimental and computational stress/strain curves for

the asphalt mixture with 3% void, tested at -10 °C, are compared in Figure 36 as an example.
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Figure 36: (a) Experiment and computational results compared for asphalt mixture with 3%

void at -10 °C. (b) Stress-strain curve and broken peridynamic bonds.

At -10 °C, see Figure 36 (a), the stress-strain curve follows a two stages failure process, as was
previously explained in references [8], [200]. During the failure process from the stress-strain curve,
two stages can be distinguished. In Stage I, there are no visible cracks; hence the stress-strain curve
predicted by the simulation is linearly elastic, see Figure 36 (b). However, in the experiment, the
piston contacts the asphalt mixture sample and applies an initial pressure, which accommodates the
test sample. This causes that stress increases nonlinearly. In the simulation, the geometry is ideal, and
no re-accommodation occurs. During Stage 11, the local strain increases up to the critical stress value
Sp- Then, the bonds start breaking, see Figure 36 (b), resulting in micro-cracks at the interfaces. With
the increase of strain micro-cracks propagate. In this case, the stress simulated results in a higher

value than in the experiment because of the ideal geometry and the model’s incapability to reproduce
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the nonlinearity in Stage I. The stress relative error in this study was 22.4% which is close to the error
of 22.9% obtained in [171]. Furthermore, the young modulus of the digital asphalt mixture is 3.5 GPa
for the 3% mixture, with a relative error compared to the experiment is 7%, indicating that the digital
asphalt mixture has a similar mixture’s proportion to the real sample at 3% void content. The results
confirm that the simulation using the digital asphalt mixture is reliable reproduction of the asphalt
mixture performance. Therefore, the accuracy of the simulation against the experiment was related to
the consistency of the digital asphalt mixture’s composition generation method. The solidity of the
method is confirmed by the relative error of the young modulus, which led to mechanical properties
with an error in line with other studies [171]. To the best of our knowledge, this study was the first to
investigate asphalt mixture performances with Peridynamics. Hence, these results constitute a
benchmark for further investigation.

In addition, Figure 37 shows the cracks, broken bonds and stress levels for the three types of asphalt
mixture studied. All the simulations at -10 °C have in common the failure mode, where the crack
propagates linearly from the notch and occasionally through the aggregates, as observed in the
experiment in section 4.1. A similar case had been reported in reference [201], see Figure 37 (a) and
(b). Furthermore, the asphalt mixtures at 3% and 10% void content have a higher bearing capacity
compared to the asphalt mixtures with 14% air void content. For instance, the crack paths for the
asphalt mixtures with 3% and 10% air void content are the longest ones, 27.9 cm and 19.6 cm
respectively, versus the crack path for the asphalt mixture with 14% air void content, 11 cm, see
Figure 37 (b).

The local stress has been monitored in Figure 37 (c) to assess the influence of the internal asphalt
mixture’s structure. The scale indicates compression for value closest to -3 MPa (blue) and tension
for the value closest to 1 MPa. The stress analysis for the asphalt mixture at -10 °C indicates that

except for the area under tension in the centre of the specimen, the aggregate skeleton is mainly under
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compression stress which confirms that provides the bearing capacity of the asphalt mixture, and the
mastic and the interface under the tension stress, see Figure 37 (c).

Furthermore, the stress occurs mainly in the middle of the specimen at the interfaces along with the
loading direction predicting where damage will occur [202]. In addition, small, and sharp aggregates
and voids have a higher concentration of stress as shown in Figure 37 (c). Song et al. [151] conducted
in XFEM similar stress analysis on asphalt mixture using aggregate with defined shapes, such as
circles, ellipse convex and concave shapes; the results indicate that the high-stress level around sharp

areas may weaken the asphalt mixture

120



3% void content 10% void content 14% void content

Stress [Pa]
—3e6 HE 1 186

(c)
Figure 37: Asphalt mixture simulation at -10 °C. (a) asphalt at failure (damage in black), (b)
bond broken at failure (particle at 0 value mean no broken bond and at 1 value mean fully

broken, see section 2), (c) stress at failure (compression in blue and tension in red).

6.4.3 Validation of semi-circular bending test simulations at 20 °C with experimental

results

To understand if Peridynamic can capture the mechanical and fracture properties of asphalt mixture
at 20 °C, semi-circular bending tests of asphalt mixture have been simulated, and the stress-strain

curves compared with experimental test results. The experimental and computational stress/strain

121



curves for the asphalt mixture with 10% void tested at 20 °C are compared in Figure 38, as an
example.

At 20 °C the stress-strain curve shows three different stages; stages | and 11 are the undamaged stages
where Stage | is the linear viscoelastic part and Stage 11 is the nonlinear viscoelastic part. Stage 11 is
where damage and cracking occurred at a fast rate, see Figure 38 (b). In Stage I, the stress increases
and there are no cracks. In Stage Il while the stress increases with at a lower rate, the curve is softening
reaching the peak load and some cracks appear. In Stage Il, the highest difference between the
experiment and simulation is 6.9% within the experimental results. The relative error is smaller
compared with the simulations at -10 °C, indicating that the viscoelastic model is capable to reproduce
nonlinearity behaviour, contrary to the elastic model. This result suggests that the VES reproduces
the asphalt mixture’s mechanical properties better than the LPS. Further investigations are required
at a lower temperature using VES. In Stage 111 the stress reduced and reached a plateau; then, many
cracks appeared, which induced plastic and viscoelastic deformations and no post-peak is observed
[200]. In the Stage I11 simulation results, the fast breakage of bonds induced instability which explains
the peaks and differences when compared to the experimental result. Figure 38 shows only the
experimental result at the same strain deformation of the simulation for better visualisation and
comparison of the curves. Furthermore, since the digital sample internal structure used in the
simulation is not identical to the physical sample internal structure in the test, the result cannot be
identical either, but fall within the same range.

At 20 °C, the damage affects not only areas above the notch, but also above the supports, around the
voids, and at the interfaces, when the distance among aggregates is narrow, see Figure 39 (a) and (b).
For instance, see Figure 40 as a higher-detail example of the damages at the interface and around the
voids. The failure mode in the simulation is identical to the damage observed in the experiment

discussed in 5.4.1.
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The digital asphalt mixtures at 20 °C are characterised by many particles with bonds partially broken
(the average damage value across the samples is 0.2) which allows the sample to withstand stress and
still have bearing capacity.

Furthermore, the asphalt mixture with 10% void content shows lower damage (0.18 of damage)
concentration across the sample. The bigger aggregate size confirms the beneficial effect on the
fracture properties because the aggregate has higher fracture energy which required larger
deformation, as explained in Section 4.1. For instance, the aggregates in the asphalt mixture with 10%

void content has mostly zero damage across the XYZ direction, Figure 39 (b).
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Figure 38: (a) Experiment and computational results compared for asphalt mixture with 10% void at

20 °C, (b) Stress-strain curve and broken peridynamic bonds.

The local stress was monitored to assess the influence of the internal structure analysed above at the
lower scale [151]. The stress analysis for the asphalt mixture at 20 °C, indicates that the aggregate
skeleton was under compression stress, which confirms that provides the bearing capacity of the
asphalt mixture, while the mastic and the interface mastic-aggregate were under tension stress, see
Figure 40 (c). Furthermore, since the viscoelastic model used allows stress relaxation across the

sample, the stress-induced the internal readjustment of the aggregates.
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Figure 39: Asphalt mixture simulation at 20 °C. (a) asphalt mixture at failure (damage in black), (b)

bond broken at failure, (c) stress at failure.
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Figure 40: Asphalt mixture with 10% void content simulation at 20 °C.

6.5 Conclusion
This paper demonstrated the use of the peridynamic modelling of asphalt mixture at -10 °C and 20
°C. These temperatures were chosen because of the very different behaviours that asphalt mixture
presents. The mechanical and fracture properties of three types of asphalt mixture with target air voids
content ranging from 3% to 14% were also discussed. Peridynamic simulations have been
successfully used to obtain the stress-strain curves with a reasonable approximation at all
temperatures.

The study obtained the following conclusions:

e Void and aggregates influence the performances. At low temperatures, high void content has
a detrimental effect on it. However, at higher temperatures, the asphalt mixture with a 3%
void has a lower ultimate strain. In addition, the shape plays an important role in the

performance, indeed, elongated shape voids harm the mechanical properties.
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Asphalt mixture with 10% of void content has the highest aggregate content and the biggest
size. This gradation provides good performances of asphalt mixture at all temperatures.
Cracks at low temperatures start from the notch and seem to be strongly influenced by the
stone. Considering the crack propagates through the interfaces, a bigger stone put an obstacle
to its propagation of it. The asphalt mixture with 10% of void content experiences fractures
after long strain.

The asphalt mixture mechanical properties at -10 °C and 20 °C are replicated with 23.08%
and 6.9% errors, respectively. The error may result from the different geometries used
between the simulated asphalt and the real asphalt mixture tested at that condition. Despite
this, the ultimate properties are within the range of average experimental results.

The stress analysis for the asphalt mixture at -10 °C and 20 °C shows a similar result: the
aggregate skeleton is under compression and provides the bearing capacity of the asphalt
mixture, and the mastic is under tension.

The highest concentration of stress predicts damage creation, and it is observed above the
notch at low temperatures, voids, aggregate elongated parts, and narrow mastic areas among
aggregates.

Peridynamic can successfully detect cracks accurately. The damage creation and propagation
in 3D are similar to the experimental results. The damages occur at the interfaces or mastic
and propagates around aggregates.

The stress at low temperatures is the highest above the notch, where damage occurs and
propagates along the direction of loading in the area with high-stress values across the
interfaces. In addition, the stone influences the damage. Since the crack propagates through

the interfaces, a bigger stone can be an obstacle in the crack propagation.
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o Athigh temperatures, the stress is more diffused across the sample with a lower concentration.
The model allows stress relaxation. Damage occurs in the entire digital asphalt mixture

(propagating slowly compared to the asphalt mixture at -10 °C).

This study provides a powerful tool in the field for reproducing and understanding the mechanical

properties and fracture performances of asphalt mixture and all infrastructure material.
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Chapter 7

Discussion, conclusion and future

applications

7.1 Discussion
The literature review revealed extensive experimental research on the asphalt mixture mechanical
and fracture properties under a variety of internal (aggregate type, gradation and void content) and
external conditions (loading mode and environmental solicitation). However, the experimental tests
are incapable or inadequate to provide information at a smaller scale and how phenomenon, like
damage, occurs and evolves. The limitation was addressed using a computational tomography scan
to observe the asphalt mixture at a smaller scale, evaluating the influence of external solicitation on
the internal structure and how the internal structure evolves under these solicitations. The CT scans
are expensive and require expertise to analyse the image and identify internal structure modification
and damages. Numerical methods are a valid alternative to experimental methods and X-ray CT
scans, because are cost-effective, provide information under a variety of conditions and can be applied
combined with experiments and X-ray CT scans. The literature review indicates different numerical
methods such as DEM and FEM. In particular, FEM was used to investigate asphalt mixtures. As
seen from the literature, most studies were in 2D, the voids were not included and the aggregate was
modelled as a polygon, only a few studies use realistic aggregate gradation, shape and distribution.
Furthermore, FEM required a priori knowledge of the position of cracks to add a cohesive element to

model damage. Despite the insertions of these elements, the damages and cracks appear different
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from the experimental observations. Peridynamics is a promising numerical method for reproducing
damage and cracks. The method does not require insertions or particular calculations for the input
simulation values. The literature shows that this study is the first to use Peridynamic to model asphalt

mixtures. Therefore, the results constitute the benchmark for further work and investigations.

In this thesis, we investigated the role of the temperature, water, and internal structure of asphalt
mixture on its mechanical and fracture behaviours and developed a Peridynamic model to reproduce

the asphalt mixture’s performances.

In Chapter 4, we adopted Peridynamic and Discrete Multiphysics to reproduce the mechanical
properties of asphalt mixture and its fracture behaviours at low temperatures and freezing conditions.
Asphalt mixtures with different air void content were manufactured. The asphalt mixture’s CT scan
was used to recreate the digital asphalt mixture model with MATLAB and ImageJ to obtain the
topology of voids. Additional digital geometries were generated to obtain several air voids content
and to add water into the voids to simulate FT cycles. Preliminary validation of Peridynamic
modelling of a tensile test on bitumen at -10 °C proved that the model replicates the mechanical and
fracture properties with an error of 10%, which is in line with other studies in FEM with an error of
10% up to 20%. Simulations with different air void content at -10 °C and under freeze-thaw cycles
were compared with literature result for similar asphalt mixtures. The analysis highlights the ability
of the model to reproduce the negative influences of air void content and freeze-thaw cycle on
mechanical properties. The model showed the ability to reproduce the asphalt mixture performance

and damages under a different scenario.

In Chapter 5, we assessed a correlation between the mechanical and fracture characteristic of the
internal structure of asphalt mixtures. Three asphalt mixtures with air void content of 3%, 10% and

14% were tested. The tests are carried out at -10 °C and under freeze-thaw cycles for asphalt mixtures
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and mastics. The internal structure of asphalt mixture is acquired using the X-ray CT scan where we
identified the correlation between the reduction of the mechanical properties and the internal
modification of asphalt mixture under freezing cycles. The image analysis presents three different
behaviours: 1) increasing existing void volume, 2) coalescing of existing voids, and 3) cracking and
new void formations. The three asphalt mixtures perform differently under freeze-thaw cycles. These
differences are attributed to the different air void content and aggregate gradations. Therefore, the
asphalt mixture’s durability is different. Analysing the evolution of the internal structure and
mechanical properties under the freeze-thaw cycle, we observed two different stages: fast damage
and slow damage. In the fast damage stage (up to 5 cycles) is observed a rapid creation of air void
content and damages with a strong mechanical property decrease. In the slow damage stage (from 5
to 20 cycles) in observed a void coalescing predominance and a slower decrease of mechanical
properties. The 10% void content asphalt mixture shows the highest level of damage in the fast
damage because has the highest water retained observed in the X-Ray CT scan. The water retention
was correlated with the reduction of the mechanical properties finding a linear correlation. The asphalt
mixture with the 3% void content has less water retention. Therefore, the influence of the freeze-thaw
cycle is minimal compared to the other asphalt mixture. The asphalt mixture with the 14% void
content has less water retention than the 10% void content asphalt mixture. Hence, the reduction of
the mechanical properties was lower. Based on the finding the internal void topology influences the
asphalt mixture mechanical properties under the freeze-thaw cycle and the 10% void content asphalt
mixture is the highest influenced due to the highest water retained. Therefore, the topology of void

and water retained could be established as the index for asphalt mixture durability.

In Chapter 6, experiments on different asphalt mixtures are carried out at -10 °C and 20 °C to
investigate the influence of temperature and void on the asphalt mixture performance. The

temperatures were chosen because the asphalt mixtures behave differently. We analyse the influence
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of the gradation of the asphalt mixture on the final properties observing that different gradations with
the same materials can improve the asphalt mixture quality. The experimental test at -10 °C shows
that asphalt mixture with high air void has the lowest mechanical properties. Furthermore, the shape
of the voids plays an important role in the influence on the performances. The experiment result
repeatability was evaluated with the calculation of the coefficient of variation, which is below 25%
for all parameters calculated indicating a satisfactory condition. The finding was previously observed
in the computational analysis in chapter 4, confirming the Peridynamics model can reproduce the
asphalt mixture properties. The damage in the asphalt mixtures at -10 °C and 20 °C were analysed.
We observed that at -10 °C the cracks start from the notch and propagate along the load direction at
the interfaces between aggregate and mastic. Therefore, larger aggregate obstacles the propagation,
creating a long crack path and increasing the mechanical properties of the asphalt mixtures. The
asphalt mixture with 10% of air void has a larger aggregate (20 mm) and higher ultimate strain is
observed. The model is used at -10 °C and 20 °C to reproduce the asphalt mixture’s mechanical and
fracture characteristics. We used the generation of the digital sample method in Chapter 4. The
computational simulation of the asphalt mixture performed at -10 °C was compared with the
experiments. The results show an elastic behaviour following two stages: in stage | the behaviour is
elastic, and no cracks are observed. Although in the experiment the piston contacts the asphalt mixture
sample, this results in re-accommodation of the sample, causing the stress to increase nonlinearly. In
the simulation, the geometry is ideal, and no re-accommaodation occurs. In stage Il cracks are formed
at the interface and the sample fails suddenly. The simulation results error calculated against the
experimental result is 22.4% closest to the error in similar studies using FEM. Furthermore, the
relative error of the Young modulus is 7% and the relative error between the air void content in the
asphalt mixture samples and the digital reproduction is below 3%. The results reveal an accurate

generation of the digital sample confirming the reliability of the model with errors in the same range
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of other studies. The values are acceptable and in line with similar studies where the error was

between 10 % and 20 % [12], [170], [171].

The simulations show a similar failure mode: crack starts from the notch and propagates along the
loading direction across the interfaces, similar to the experimental tests. Furthermore, the stress
analysis shows the aggregate skeleton is under compression and the mastic under tension with higher
values close to the notch. In addition, the model allowed us to observe the increase of stress locally

before the damage occurs.

The computational simulation of the asphalt mixture performed at 20 °C was compared with the
experiments. The results show three stages: in stage | the behaviour is viscoelastic, and no cracks
occur, and the stage 11 is nonlinear viscoelastic, the stress decreases and peak load is observed. The
error in the simulation is 6.9%, lower than the simulation at -10 °C, indicating that the model can
replicate the nonlinear behaviour. In stage 111 damages appear at a fast rate creating instability, post-
peak is not observed like in the experiment. The simulations show a similar failure mode: cracks are
formed across the sample, similar to the experimental tests. Furthermore, the stress analysis shows
the aggregate skeleton is under compression and the mastic under tension. In addition, the model

allowed us to observe the increase of stress locally before the damage occurs.

7.2 Conclusion
The road network experiences different loading and environmental condition reducing the lifespan.
The numerical method is a useful tool to understand the asphalt mixture’s mechanical and fracture
properties and its damage mechanisms. Compared to experimental tests, the numerical method
provides a more flexible and cost-effective alternative to studying asphalt mixture behaviour and is

fundamental to improving the design and preventing damage. The numerical methods used for asphalt
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mixtures like DEM and FEM have limitations such as complicated procedure calculation for input

value and unrealistic damage simulations. The proposed framework used Peridynamics and discrete

multiphysics to investigate the asphalt mixture mechanical and fracture properties.

The research has demonstrated the objectives outlined in Chapter 1:

Understand the role of the temperature, water, and internal structure of asphalt mixture on its
mechanical and fracture behaviours.

Develop areliable procedure to simulate asphalt mixture or infrastructure material, in general,
using Peridynamic and Peridynamic coupled with Lennard-Jones to reproduce the asphalt
mixture performance. The advanced numerical model adds information which is unprovided

by experiments such as local stress and damages

The following conclusions are drawn from the research:

The experimental investigation at -10 °C, 20 °C and under freeze-thaw cycle together with
the X-ray CT scans revealed a correlation between the internal structure evolution and
mechanical properties influences. High void content reduces asphalt mixture performance as
well as irregularity in the pores. A larger aggregate improves the fracture characteristic.
Asphalt mixtures under the freeze-thaw cycle experience three changes: 1) creation of voids,
2) coalescing of existing voids, and 3) crack formation. Asphalt mixtures have different
behaviour under the freeze-thaw cycle because have different voids and water content. The
asphalt mixture with 10% void content has high water retention and experiences a higher
reduction of mechanical properties.

The Peridynamics and Discrete multiphysics methods reproduce the mechanical and fracture
performance of asphalt mixture at -10 °C, 20 °C and under freeze-thaw cycle. The mechanical

properties have an error of 22.4% at -10 °C in line with the other numerical methods and 6.9%
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at 20 °C showing that the viscoelastic model reproduces nonlinearity behaviour compared to
the linear elastic model. However, the viscoelastic model is unstable, and the post-peak is not
reproduced. The cracks are similar to the experimental observation: at -10 °C cracks start from
the notch and propagate through the interfaces along load direction and at 20 °C cracks appear
also above the support and across the sample. The stress analysis confirms that the aggregate
skeleton is under compression and the mastic under tension. At -10 °C, high-stress tension is
observed in the notch. The reduction of the mechanical properties with the increased air void

has been simulated and correlated as well as with the freeze-thaw cycle.

In conclusion, the thesis has demonstrated the capabilities of Peridynamic and Discrete Multiphysics

in reproducing the asphalt mixture mechanical properties, cracks and damages.

7.3

Future works

Although the results presented have proven the reliability of Peridynamic to reproduce the asphalt

mixture performance, further investigation is required to improve the numerical method.

The following research is recommended:

The research presented herein relied on the use of a small range of air void content and
aggregate gradations. Research should be carried out to investigate the role of different void
content, aggregate gradation on the mechanical properties to understand the impact of the
stone dimensions and shape on the ultimate properties

The computational study involves only two temperatures (-10 °C, and 20 °C). The asphalt
mixtures are employed in a wider range of temperatures from -30 °C to 50 °C. Therefore, a
systematic study using a wide range of temperatures is useful to understand the impact on the

internal structure.
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e The simulation at -10 °C is unable to reproduce nonlinearity. The simulation at 20 °C can
reproduce nonlinearity. The reliability of the viscoelastic model at low temperatures should
be studied.

e Further research would be the application of this method on other infrastructure materials (e.g.
concrete, masonry) to simulate its performance and ultimately improve endurance.

e The final step would be to use the model on a bigger scale to predict the lifetime of

infrastructures.
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