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Abstract: Asphalt mixtures are widely used as a surfacing material for pavements due to their
several advantages. For this reason, robust numerical models still need to be developed to improve
the understanding of their fracture behaviour. Recently, an incremental generalised Kelvin (GK)
contact model that relates increments in contact displacements with increments in contact forces was
proposed to assess the viscoelastic behaviour of asphalt mixtures within a discrete element method
(DEM) framework. In this work, the contact model is extended to allow its application to asphalt
mixture fracture studies. Two damage models—a brittle and a bilinear softening—coupled with the
GK contact model are proposed to consider damage initiation and propagation. A parametric study is
presented that assesses the impact of the GK-Damage parameters, showing a sensitivity to the loading
velocity and the Maxwell elements, particularly its viscosity element, on the stress–strain response
of a single contact. A reduced-size numerical mastic is initially used to speed up the calibration
process of the GK-Damage contact parameters, with subsequent validation on a specimen with real
experimental dimensions. It is shown that the proposed calibrated damage models can successfully
reproduce the time-dependent behaviour, peak stress, and crack path observed in experimental
results, highlighting the benefits of the adopted methodology. For the GK-Bilinear model, the fracture
energy and maximum contact tensile stress are shown to adjust both the peak stress and softening
response. Uniaxial tensile tests on asphalt mixtures indicate that the GK-Bilinear model provides
a more realistic characterisation of fracture development. A higher susceptibility to damage at
aggregate-to-mastic contacts compared to contacts within the mastic phase is identified.

Keywords: asphalt mixtures; fracture; discrete element method; viscoelastic damage models

1. Introduction

Over time, loading, ageing, and temperature fluctuations significantly impact the
structural integrity of flexible pavements [1,2]. The conditions during mixing, transport,
laying, and compaction also influence the quality of asphalt mixtures [3]. These conditions
may contribute to the stiffening of the binder and a reduction in its relaxation capacity [4],
causing damage due to the brittleness and reduced adhesive properties of the aged binder,
impacting the mechanical performance of asphalt mixtures [5,6]. However, predicting
damage initiation and propagation in asphalt mixtures is challenging due to their complex
nature. Meso-scale numerical models, particularly the discrete element method (DEM),
have emerged as a solution for their effectiveness in modelling the behaviour of these
materials [7–10].

Through the DEM framework, different contact modelling approaches have been
developed to describe the undamaged and fracture behaviours of asphalt materials. For
instance, Wu et al. [11] adopted a linear elastic contact model combined with a brittle

Infrastructures 2024, 9, 118. https://doi.org/10.3390/infrastructures9070118 https://www.mdpi.com/journal/infrastructures

https://doi.org/10.3390/infrastructures9070118
https://doi.org/10.3390/infrastructures9070118
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/infrastructures
https://www.mdpi.com
https://orcid.org/0000-0003-0671-6088
https://orcid.org/0000-0001-9910-1458
https://orcid.org/0000-0001-8838-3760
https://orcid.org/0000-0003-4589-5250
https://doi.org/10.3390/infrastructures9070118
https://www.mdpi.com/journal/infrastructures
https://www.mdpi.com/article/10.3390/infrastructures9070118?type=check_update&version=1


Infrastructures 2024, 9, 118 2 of 31

fracture model to simulate the milling process, optimising operations to prevent aggregate
breakage and large pieces of asphalt mixtures. In a three-dimensional (3D) DEM model,
Zhu et al. [12] used a similar contact model to assess the behaviour of asphalt mixtures under
uniaxial compression tests, focusing on the movement of aggregate and binder particles. The
results revealed that the movement of coarse aggregates is less pronounced when compared
to that of the binder particles, influenced by the particle size and location. This contact
approach was also adopted by Peng and Sun [13], who showed the existing correlation
between aggregate distribution in horizontal cross-sections and Indirect Tensile strengths.

Although brittle models are simple and require fewer parameters, they may not ade-
quately capture the post-peak behaviour. For this reason, researchers have applied models
accounting for a softening fracture representation of these materials, such as linear softening
models [14–16]. For example, Liang et al. [17] and Peng and Gao [18] adopted an elastic-
based linear softening model to investigate the cracking evolution in asphalt mixtures
under Semi-Circular Bending and Indirect Tensile tests. Nevertheless, these models have
limitations in addressing the time-dependent behaviour of these materials, being suitable
only for representing the elastic response and peak stress. To incorporate the viscoelas-
tic nature into DEM models, researchers have adopted Burgers contact models [19–21].
Through three-dimensional and two-dimensional (2D) DEM models, Wang and Buttlar [22]
and Wang et al. [23] adopted a Burgers model associated with a linear softening model
for contacts between aggregates and mastic and within the mastic phase to study block
cracking in asphalt pavements, aligning their findings with field observations. Adopting
a Burgers model coupled with a brittle model to contacts involving the binder, Zhou and
Cao [24] assessed the fatigue damage process of asphalt mixtures under repeated loading,
verifying a satisfactory agreement with laboratory tests.

Burgers contact models have limitations in predicting the time-dependent behaviour
across various loading conditions (loading frequency and temperature). Thus, more ad-
vanced viscoelastic contact models have been introduced to address this issue [25,26]. While
generalised models offer improved predictions, studies incorporating damage commonly
adopt brittle models to characterise the post-peak response of asphalt materials [27–29].
Using a 2D DEM model, Lu et al. [30] proposed an advanced model that combines a vis-
coelastic behaviour based on a generalised Maxwell chain and included a cohesive fracture
constitutive model in parallel [31], providing a more accurate representation of the asphalt
concrete behaviour under different loading rates. Recently, Lu et al. [32] adopted the same
contact modelling approach for assessing the rutting behaviour of asphalt concrete sub-
jected to a modified wheel tracking test. After applying the model for aggregate-to-mastic
and mastic-to-mastic contacts, the 2D numerical study showed that the model was able
to capture the effect of different boundary conditions and random aggregate distribution.
Recently, it has been shown that, with a simple vectorial bilinear contact model [33], it is
possible to predict with a 3D PM DEM-based model a macroscopic response similar to that
predicted with more complex cohesive contact models [30,31] with a reduced number of
contact strength parameters and lower associated computational costs.

Previous studies highlight a prevalent gap in contact models used for the DEM mod-
elling of asphalt mixtures. Current approaches primarily use linear elastic coupled with
damage models, either brittle or softening models. Most studies that employ simple or
advanced viscoelastic models are also commonly integrated with brittle models. This
evidence underscores the need to develop contact models that adequately represent the
viscoelastic nature and damage behaviour of asphalt materials.

2. Objectives and Scope

This study adopts the 3D VirtualPM3DLab DEM model [26] to investigate the failure
process of asphalt mixtures. Damage contact models, coupled with a previously devised
incremental generalised Kelvin (GK) contact model [26], are proposed and implemented in
the DEM model to simulate damage. The proposed models follow two distinct approaches:
a simple brittle model and a bilinear softening model. A parametric study is presented to
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evaluate the influence of the viscoelastic-damage contact parameters on the stress–strain
response of a single contact. A calibration procedure that considers experimental data from
the mastic portion is devised, focusing on the pre- and post-peak material response under
tensile loading, aiming to speed up the calibration of input parameters for the asphalt
mixture numerical model. The proposed models are validated through uniaxial tensile
tests based on experimental data.

3. Three-Dimensional Numerical Formulation

A three-dimensional particle model that directly represents the aggregates and the mas-
tic with spherical particles following a discrete element model framework was implemented
within the VirtualPM3DLab model [26]. The VirtualPM3Dlab has been implemented in C++
by the authors. An innovative 3D generalised Kelvin contact model has been incorporated
to model the asphalt material’s viscoelastic behaviour.

3.1. Viscoelastic Contact Model

The generalised Kelvin contact model (Figure 1) is adopted to characterise the time-
dependent behaviour of asphalt materials. This contact model relies on an incremental
formulation that utilises the rate of creep compliance to determine the relationships between
force and displacement. Compared to the commonly used Burgers models, the adopted GK
model predicts the viscoelastic response more accurately for a wider frequency range [34].
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Figure 1. Generalised Kelvin contact model representation.

The total displacement is defined with the use of an integral hereditary formulation
that admits an initial value followed by integration over time, as expressed by

uξ(t) = Jξ(0) f (t) +
∫ t

0

dJξ(t − t′)
d(t − t′)

f
(
t′
)
dt′ (1)

where subscript ξ refers to ve and vp representing the viscoelastic and dashpot elements of
the contact model, respectively, and t′ is an integration variable.

In the GK contact model, the increment in the displacement of the viscoelastic (Kelvin
chains) and dashpot (ηm) elements is calculated by deriving Equation (1) and further adopted
to determine the displacement at time t + ∆t. The displacement associated with the elastic
portion derives from the direct relationship between the contact force and the stiffness κm.
The elastic, delayed elastic, and dashpot displacements are, respectively, given by
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where Cel , Ci
ve, and Cvp correspond to the inverses of contact parameters κm, ηi, and ηm,

respectively, and τi is the retardation times, which is defined as the relationship between
viscosity and stiffness for the ith-element of the Kelvin chain.

The total displacement increment (∆u) for the GK contact model is expressed as

∆u = ut+∆t
el − ut

el +
N

∑
i=1

(
ui

ve
t+∆t − ui
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t)

+ ut+∆t
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By substituting the elastic, delayed elastic, and dashpot displacements from Equation (2)
into Equation (3) and reorganizing the terms, the displacement increment of the GK contact
model can be computed. Further details of the governing equations defining the overall
displacement and contact force are defined in the authors’ previous studies [26,34].

3.2. Damage Numerical Modelling

A brittle model and a bilinear softening model are proposed and integrated with the
viscoelastic incremental contact model—GK-Brittle and GK-Bilinear. Both models have
been implemented in the VirtualPM3DLab DEM framework to assess the damage initiation
and propagation in asphalt materials. The proposed GK-Brittle model may offer a closer
approximation of the behaviour of asphalt mixtures at low temperatures, where micro-
cracks tend to form due to extreme conditions, predominantly below 0 ◦C [35–37]. On
the other hand, the proposed GK-Bilinear softening model may provide a more accurate
representation of conditions typical of in-service temperatures by introducing a level of
ductility into the material’s response [38]. The following sections present the formulation
and detailed discussion of both damage models.

3.2.1. GK-Brittle Damage Model

Given the strength properties of the material, the GK-Brittle model adopts a failure
criterion based on a predefined maximum tensile contact strength and cohesion, as illus-
trated in Figure 2. The contact force in the normal (Fn) and shear (Fs) directions hold a
force–displacement relationship governed by the equations of the viscoelastic GK con-
tact model, progressing until reaching the maximum contact tensile force (Fmax

n ) or the
maximum contact shear force (Fmax

s ).
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The maximum contact tensile force (Fmax
n ) and the maximum cohesion force (Cmax)

are defined given the contact area (Ac), the maximum contact tensile stress (σt), and the
maximum contact cohesion stress (τ), as expressed by

Fmax
n = σt Ac (normal direction)
Cmax = τAc (shear direction)

(4)

In the shear direction, the maximum contact shear force (Fmax
s ) is given by

Fmax
s = Cmax + Fnµ (5)

where µ is the contact friction coefficient.
Upon reaching the maximum allowable normal or shear contact force, the contact is

considered to be broken. Under tensile loading, the contact forces are promptly reset to
zero. If the contact is under compression, the contact interaction occurs under pure friction
conditions following the incremental GK model under compression/shear.
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3.2.2. GK-Bilinear Softening Damage Model

In order to simulate the contact behaviour with a softening damage evolution, a
bilinear model is proposed and integrated into the 3D DEM model. This contact model is
based on the one proposed by Azevedo et al. [39], who evaluated the fracture behaviour in
2D reinforced concrete numerical simulations. Previous studies have shown the relevance
of adopting softening-based contact models in asphalt materials damage studies within
DEM simulations, such as the work conducted by Kim and Buttlar [40], who studied
asphalt materials adopting an elastic linear softening model. However, compared to
a linear softening law, a bilinear contact model demonstrated a better agreement with
concrete and reinforced concrete experimental data, especially in improving the post-peak
ductility under tensile loading [39].

The bilinear contact model is vector-based and requires the definition of five strength
properties: the maximum contact tensile strength, the contact fracture energy in mode
I (GI), the maximum contact cohesion stress, the contact friction term, and the contact
fracture energy in mode II (GI I). The force–displacement relationships presented in Figure 3
are straightforwardly established based on the maximum contact tensile stress, the maximum
cohesion stress, the contact fracture energies in mode I and mode II, and the contact stiffness
of the associated generalised Kelvin model. The adopted incremental GK formulation [26,34]
notably eases the process of adding a bilinear softening contact law.
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The force–displacement relationships presented in Figure 3 are set based on

Fmax
(n,s) = σmax

(n,s)Ac (6)

where σmax
(n,s) refers to σt (normal direction) or τ (shear direction).

Unlike the GK-Brittle model, which adopts a contact strength failure criterion, the
GK-Bilinear model adopts a total contact displacement-controlled criterion. For this reason,
within the GK-Bilinear model, damage in either of the contact directions may initiate
after the maximum displacement is reached (umax

(n,s) in Figure 3), depending on the specific
viscoelastic contact properties and associated loading velocities.

Note that if an elastic behaviour is adopted, damage only initiates after the peak strength
is reached [39]. In the bilinear contact model presented by Azevedo et al. [39], the total contact
displacement has an elastic and a damage term, whereas, in the proposed GK-Bilinear contact
model, the total contact displacement has a viscoelastic and a damage term.

As shown in Figure 3, the post-peak load zone exhibits three distinct regions in both
tensile and shear directions. Once the maximum displacement under a given direction is
reached, the maximum contact strength gradually reduces in accordance with the accumu-
lated damage.

The first region corresponds to a displacement within the range of umax
(n,s) and u0

(n,s).
These parameters are computed for both the normal and shear directions, adopting the
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contact stiffness from the associated generalised Kelvin contact model and using the
following expressions:

umax
(n,s) =

Fmax
(n,s)

k(n,s)
(7)

u0
(n,s) = 0.75

(
Gθ Ac

Fmax
(n,s)

)
+ umax

(n,s) (8)

F0
(n,s) = 0.25Fmax

(n,s) (9)

where G(n,s) refers to GI (contact fracture energy in mode I) if the analysis is in the normal
(n) direction or GI I (contact fracture energy in mode II) if the analysis is in the shear (s)
direction. The GI and GI I terms correspond to the area of the softening region in Figure 3
(grey-painted area) for the normal and shear directions. The term k(n,s) is the contact
stiffness of the associated Kelvin model. In this study, the contact stiffness assumes the
relationship between the adopted spring stiffness of the Maxwell unit km and the contact
area and contact length of the particle-to-particle contact.

From Equations (7)–(9), it is possible to quantify the maximum contact strength and
the corresponding contact damage. The parameter that defines the boundaries of the
force–displacement relationship in the second zone (ud

(n,s)), enabling the calculation of the
current damage in a given direction, is given by

ud
(n,s) = 5.0

(
G(n,s)Ac

Fmax
(n,s)

)
+ umax

(n,s) (10)

In the proposed GK-Bilinear softening contact model, damage in each direction is
quantified as a function of the maximum displacement experienced by the contact in
that specific direction. The damage factor D(n,s), which indicates the damage in either of
the contact directions, varies from zero, meaning that the contact is intact, to 1.0, which
indicates a completely cracked contact, as illustrated in Figure 4.
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Based on Figure 4 the evolution of D(n,s) is described by the following relationships:

D(n,s) =





0 i f u(n,s) < umax
n

0.75 ×
(

u(n,s)−umax
(n,s)

)

(
u0
(n,s)−umax

(n,s)

) , i f umax
n ≤ u(n,s) < u0

n

0.75 + 0.25 ×
(

u(n,s)−u0
(n,s)

)

(
ud
(n,s)−u0

(n,s)

) , i f u0
n ≤ u(n,s) < ud

n

1, i f x ≥ 0

(11)
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where u(n,s) is the maximum contact displacement that has been calculated either in the
normal or shear directions.

In an approximate way, the overall contact damage is determined by considering the
combined effects of both tensile damage (Dn) and shear damage (Ds). The calculation of
the damage (D) is expressed as

D = Dn + Ds (12)

Given the current total contact damage, the maximum values for both tensile and
cohesive strengths are adjusted accordingly, and the contact forces are recalculated given
the updated maximum strength values. Once the current contact damage has been assessed,
the current maximum values of tensile and cohesive strengths are adjusted, and the contact
forces are re-evaluated according to the revised maximum strength values:

Fmax,updated
n = (1 − D)× Fmax

n (13)

Cmax,updated = (1 − D)× Cmax (14)

Fmax
s = Cmax,updated + Fn (15)

If the normal contact force surpasses Fmax,updated
n , the following correction is adopted:

Fn = Fmax,updated
n (16)

Based on the updated value of Fn obtained from Equation (16), the maximum contact
shear strength (Fmax

s ) is recalculated according to Equation (15). In a similar manner, if the
shear contact force exceeds Fmax

s , its value is adjusted accordingly:

Fs = Fmax
s

Fs

∥Fs∥
(17)

If the total contact damage reaches 1.0, the contact is considered to be broken (cracked
contact). Under tensile loading, the contact forces are promptly reset to zero. If the contact is
under compression, the contact interaction occurs under pure friction conditions following
a viscoelastic model under compression/shear:

Fmax
s = Fn (18)

4. Parametric Study of the Proposed GK-Damage Contact Models

To fully understand the performance of the proposed GK-Brittle and GK-Bilinear
viscoelastic damage models, a single contact is initially evaluated for different input pa-
rameters and loading conditions. A two-particle numerical specimen (Figure 5), each with
a 2.0 mm diameter, is tested. The presented sensitive study is fundamental to ease the
trial-and-error calibration process that is necessary to carry out when modelling asphalt
mastic or an asphalt mixture.

Infrastructures 2024, 9, x FOR PEER REVIEW 8 of 33 
 

is under compression, the contact interaction occurs under pure friction conditions 
following a viscoelastic model under compression/shear: 𝐹௦௠௔௫ = 𝐹௡ (18) 

4. Parametric Study of the Proposed GK-Damage Contact Models 
To fully understand the performance of the proposed GK-Brittle and GK-Bilinear 

viscoelastic damage models, a single contact is initially evaluated for different input 
parameters and loading conditions. A two-particle numerical specimen (Figure 5), each 
with a 2.0 mm diameter, is tested. The presented sensitive study is fundamental to ease 
the trial-and-error calibration process that is necessary to carry out when modelling 
asphalt mastic or an asphalt mixture. 

 
Figure 5. Two-particle numerical assembly. 

The particle model is subjected to a monotonic tensile test, wherein a constant 
velocity of 2.0 × 10ିହ m/s is applied to the upper particle while the lower particle remains 
fixed in all directions. A time step of 5.69 × 10ି଻  s/step is adopted in the numerical 
simulations. For this analysis, three Kelvin units are adopted to represent the micro-
mechanical properties of the GK contact model (Figure 1), whose values are detailed in 
Table 1. In addition, Table 2 presents the reference strength parameters used for the 
assessment of the proposed fracture models. Given that only normal contacts are 
involved, there is no need to set the shear-associated strength parameters. In this analysis, 
the results are presented in stress–strain relationships, where the stress is calculated as the 
ratio of contact force to contact area, and the strain is determined by the ratio of contact 
displacement to the distance between the centres of gravity of the particles. 

Table 1. Reference GK micro-mechanical model properties. 

Parameters Values 𝜅ଵ (kPa) 6.70 × 10଺ 𝜅ଶ 4.30 × 10଺ 𝜅ଷ 8.40 × 10ହ 𝜂ଵ (kPa·s) 1.90 × 10ହ 𝜂ଶ 8.00 × 10ହ 𝜂ଷ 2.00 × 10଻ 𝜅௠ (kPa) 1.00 × 10଺ 𝜂௠ (kPa·s) 2.02 × 10ହ 
Note: 𝜅௜—normal contact stiffness (𝜅௠—Maxwell, 𝜅ଵ–𝜅ଷ—Kelvin chains 1 to 3); η—normal contact 
viscosity (𝜂௠—Maxwell, 𝜂ଵ-𝜂ଷ—Kelvin chains 1 to 3). 

Table 2. Reference contact strength parameters. 

Contact Model 
Maximum Contact Tensile 

Strength (MPa)—𝝈𝒕 Contact Fracture Energy in 
Mode I (N/mm)—𝑮𝑰 

GK-Brittle 
2.0 

- 
GK-Bilinear 0.067 

Figure 5. Two-particle numerical assembly.

The particle model is subjected to a monotonic tensile test, wherein a constant velocity
of 2.0 × 10−5 m/s is applied to the upper particle while the lower particle remains fixed in
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all directions. A time step of 5.69× 10−7 s/step is adopted in the numerical simulations. For
this analysis, three Kelvin units are adopted to represent the micro-mechanical properties of
the GK contact model (Figure 1), whose values are detailed in Table 1. In addition, Table 2
presents the reference strength parameters used for the assessment of the proposed fracture
models. Given that only normal contacts are involved, there is no need to set the shear-
associated strength parameters. In this analysis, the results are presented in stress–strain
relationships, where the stress is calculated as the ratio of contact force to contact area, and
the strain is determined by the ratio of contact displacement to the distance between the
centres of gravity of the particles.

Table 1. Reference GK micro-mechanical model properties.

Parameters Values

κ1 (kPa) 6.70 × 106

κ2 4.30 × 106

κ3 8.40 × 105

η1 (kPa·s) 1.90 × 105

η2 8.00 × 105

η3 2.00 × 107

κm (kPa) 1.00 × 106

ηm (kPa·s) 2.02 × 105

Note: κi—normal contact stiffness (κm—Maxwell, κ1–κ3—Kelvin chains 1 to 3); η—normal contact viscosity
(ηm—Maxwell, η1–η3—Kelvin chains 1 to 3).

Table 2. Reference contact strength parameters.

Contact Model Maximum Contact Tensile
Strength (MPa)—σt

Contact Fracture Energy in
Mode I (N/mm)—GI

GK-Brittle
2.0

-
GK-Bilinear 0.067

This parametric study evaluates the effects of the loading velocity, the maximum con-
tact tensile strength, the contact fracture energy in mode I, and the GK contact parameters
on the stress–strain response of the proposed GK-Damage models. The values and ranges
adopted have been chosen only to illustrate their influence on the numerical response of a
single contact. The following subsections will detail the parameters under analysis and the
specific values applied.

4.1. Influence of the Loading Velocity

In this section, the influence of loading velocity on the response of the particle model is
assessed for the proposed GK-Damage models. The impact of three different loading veloci-
ties is evaluated specifically 2.0× 10−5 m/s (reference), 4.0× 10−5 m/s, and 8.0 × 10−5 m/s.
The input parameters are detailed in Tables 1 and 2, with the corresponding numerical
results presented in Figure 6.

The analysis of Figure 6a reveals that the loading velocity directly influences the
behaviour of the numerical model when adopting the proposed GK-Brittle model. An
increase in the loading velocity results in a more brittle response of the model. As the
applied velocity decreases, there is a significant increase in cumulative strain, resulting
in a more viscous response. As expected, the peak stress remains unchanged because the
GK-Brittle model is strength-controlled.
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The loading velocity also influences the stress–strain response predicted with the GK-
Bilinear model (Figure 6b). Contrary to the response observed with the GK-Brittle model,
with the GK-Bilinear model, the peak stress increases with the increase in the applied
loading velocity. As shown, the input tensile strength (2.0 MPa) is never reached for the
range of velocities. This response is attributed to the displacement-controlled nature of the
GK-Bilinear model, wherein the total contact displacement reaches the yield displacement
(umax

n in Figure 3a) before reaching the peak load. In addition, at lower loading velocities,
the viscous response of the GK-Bilinear contact model is more pronounced. Figure 6b also
presents the damage evolution. As shown, the damage evolution is similar for all tested
contact velocities, which was expected given that the GK-Bilinear model damage evolution
is governed by the total contact displacement.

Figure 6b further shows that the GK-Bilinear-predicted contact damage evolution
curve can be divided into three stages. These stages include an initial elastic region marked
by an increase in the tensile stress, followed by a stage characterised by rapid damage
development, and a final stage defining damage stabilisation tendency. These observations
for a single contact are in close agreement with the results reported by Dan et al. [41], who
assessed the loading velocity’s effects on asphalt mixtures.

4.2. Influence of the Maximum Contact Tensile Strength

This section assesses the impact of the adopted maximum contact tensile strength on the
overall response of a two-particle assembly. The effects of three distinct contact strengths—
1.0 MPa, 1.5 MPa, and 2.0 MPa (reference)—are evaluated. Tables 1 and 2 show the adopted
viscoelastic parameters and the contact fracture energy in mode I (GI), respectively. The applied
velocity is 2.0× 10−5 m/s. The numerical results are presented in Figure 7.

The analysis of Figure 7 shows the impact the adopted contact strength has on the
performance predictions of the proposed GK-Damage contact models. Within the GK-
Brittle model, an increase in the maximum contact tensile strength leads to an increase
in the cumulative strain. As noted, in the GK-Brittle contact model, the predicted tensile
strength matches the input value. Also, a lower contact strength leads to a more brittle
response under the same set of viscoelastic parameters for the GK-Brittle contact model.

Regarding the GK-Bilinear contact model predictions, the adopted maximum contact
tensile strength affects the peak stress and post-peak ductility of the material. Interestingly, a
higher maximum tensile contact strength increases the predicted maximum tensile strength
but reduces the post-peak ductility. Notably, with the lowest adopted maximum contact
tensile strength (σt = 1.0 MPa), the particle model’s predicted maximum tensile strength is
close to the set value.
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The results presented show some interesting differences in the predictions of the
proposed GK damage models. In the GK-Brittle, an increase in the assumed maximum
contact tensile strength leads to a more ductile post-peak behaviour, whereas in the GK-
Bilinear, an increase in the assumed maximum contact tensile strength leads to a more
brittle post-peak behaviour for the same set of viscoelastic contact properties. If the contact
fracture energy is held constant in mode I and a higher contact tensile strength are assumed,
the GK damage force–displacement is much more brittle as the controlled displacement
values are lower compared to the GK damage for lower tensile strength (see Figure 3 and
Equations (7)–(9)).

4.3. Influence of Both the Loading Velocity and Maximum Contact Tensile Strength

Previous analyses have shown the individual impacts of the loading velocity and
the maximum contact tensile strength on the stress–strain response of a single contact
under tensile loading. This section assesses the combined influence of these two variables.
Different combinations of loading velocity and maximum contact tensile strength are
explored, as detailed in Table 3. The remaining parameters are the same as those described
for the reference values.

Table 3. Parameters for different case studies of loading velocity and maximum contact tensile
strength.

Case Study Loading Velocity (m/s) Maximum Contact Tensile
Strength (MPa)—σt

v 2.0 m/s | σt 2.0 MPa
(reference) 2.0 × 10−5 2.0

v 4.0 m/s | σt 3.0 MPa 4.0 × 10−5 3.0
v 8.0 m/s | σt 4.0 MPa 8.0 × 10−5 4.0

The numerical results, presented in Figure 8, show the combined impacts of loading
velocity and maximum contact tensile strength on the performance of the GK-Damage
models. The results indicate an increase in the post-peak brittleness response with the
increase of both variables. For the GK-Brittle model, the predicted tensile stress reaches
the adopted maximum contact tensile strength with a gradual increase in the pre-peak
viscoelastic behaviour for lower velocities. For the GK-Bilinear model, the adopted velocity
and the maximum contact tensile strength noticeably influence the post-peak ductility.
Reducing the velocity and maximum contact tensile strength leads to a more ductile post-
peak response for the same adopted contact fracture energy in mode I of 0.067 N/mm.
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evaluate the influence of the viscoelastic-damage contact parameters on the stress–strain
response of a single contact. A calibration procedure that considers experimental data from
the mastic portion is devised, focusing on the pre- and post-peak material response under
tensile loading, aiming to speed up the calibration of input parameters for the asphalt
mixture numerical model. The proposed models are validated through uniaxial tensile
tests based on experimental data.

3. Three-Dimensional Numerical Formulation

A three-dimensional particle model that directly represents the aggregates and the mas-
tic with spherical particles following a discrete element model framework was implemented
within the VirtualPM3DLab model [26]. The VirtualPM3Dlab has been implemented in C++
by the authors. An innovative 3D generalised Kelvin contact model has been incorporated
to model the asphalt material’s viscoelastic behaviour.

3.1. Viscoelastic Contact Model

The generalised Kelvin contact model (Figure 1) is adopted to characterise the time-
dependent behaviour of asphalt materials. This contact model relies on an incremental
formulation that utilises the rate of creep compliance to determine the relationships between
force and displacement. Compared to the commonly used Burgers models, the adopted GK
model predicts the viscoelastic response more accurately for a wider frequency range [34].

Figure 1. Generalised Kelvin contact model representation.

The total displacement is defined with the use of an integral hereditary formulation
that admits an initial value followed by integration over time, as expressed by

uξ(t) = Jξ(0) f (t) +
∫ t

0

dJξ(t − t′)
d(t − t′)

f
(
t′
)
dt′ (1)

where subscript ξ refers to ve and vp representing the viscoelastic and dashpot elements of
the contact model, respectively, and t′ is an integration variable.

In the GK contact model, the increment in the displacement of the viscoelastic (Kelvin
chains) and dashpot (ηm) elements is calculated by deriving Equation (1) and further
adopted to determine the displacement at time t + ∆t. The displacement associated with
the elastic portion derives from the direct relationship between the contact force and the

Figure 8. Influence of the loading velocity and maximum contact tensile strength on the GK-Damage
contact models response: (a) GK-Brittle; (b) GK-Bilinear.

4.4. Influence of the Contact Fracture Energy in Mode I

This section assesses the influence of the contact fracture energy in mode I on the pre-
dicted stress–strain behaviour of a single contact under tensile loading. Specifically, it analyses
and compares two distinct fracture energies—0.033 N/mm and 0.100 N/mm—with the re-
sponse predicted with the adopted reference value (0.067 N/mm). Figure 9 illustrates the
corresponding results.
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As shown, an increase in the contact fracture energy in mode I leads to an increase
in both the peak stress and post-peak ductility. The presented results also show that
its influence on the predicted post-peak ductility is more pronounced. As expected, the
contact damage evolution varies with each adopted contact fracture energy in mode I, as
this parameter directly impacts the force–displacement relationship (see Figure 3).

4.5. Influence of Both the Fracture Energy in Mode I and Maximum Contact Tensile Strength

The influence of both contact fracture energy in mode I and the maximum contact
tensile strength is evaluated by proportionally increasing both parameters. Table 4 lists the
contact strength parameters. The assessment is focused on the GK-Bilinear model.
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Table 4. Contact strength values for the assessment of the contact fracture energy and maximum
contact tensile strength.

Case Study Maximum Contact Tensile
Strength (MPa)—σt

Contact Fracture Energy in
Mode I (N/mm)—GI

σt 1.0 MPa | GI 0.033 N/mm 1.0 0.033
σt 2.0 MPa | GI 0.067 N/mm 2.0 0.067
σt 3.0 MPa | GI 0.100 N/mm 3.0 0.100

Figure 10 presents the predicted numerical results. The proportional increase in both
contact strength parameters leads to an increase in the peak stress and post-peak ductility.
These results indicate that proportionally increasing both contact strength parameters offers
an interesting option if it is desired to increase both the peak strength and post-ductility of
a particle model under uniaxial tensile loading. For a 3.0 MPa maximum contact tensile
strength, a more pronounced viscoelastic behaviour before the peak strength value is
observed. The effect of a proportional variation of the maximum contact tensile strength
and contact fracture energy in mode I does not significantly affect the contact damage
evolution.
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4.6. Influence of the GK Contact Viscoelastic Model Parameters

Previous analyses have focused on the influence of contact strength parameters. There-
fore, this section aims to evaluate the impact of the viscoelastic parameters of the GK contact
model on the responses predicted by the proposed GK-Damage models. In this analysis, the
viscoelastic contact properties listed in Table 1 are individually assessed. Their values are
adjusted by a 25.0% increase for the evaluation, and the predictions under tensile loading
are then compared to those obtained using the reference values (Table 1). The adopted
contact strength parameters are those defined in Table 2. The results for the GK-Brittle and
GK-Bilinear models are presented in Figures 11 and 12, respectively.

As presented in Figure 11 for the GK-Brittle model, the Maxwell elements (κm and
ηm) and the spring elements of the Kelvin units (κi) influence the predicted stress–strain
results. An increase in these viscoelastic parameters increases the material’s brittleness,
especially noticeable with an increase in the viscosity ηm. In the GK-Brittle model, the peak
stress value is independent of the adopted viscoelastic contact parameters, which primarily
influence the predicted brittleness.
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evaluate the influence of the viscoelastic-damage contact parameters on the stress–strain
response of a single contact. A calibration procedure that considers experimental data from
the mastic portion is devised, focusing on the pre- and post-peak material response under
tensile loading, aiming to speed up the calibration of input parameters for the asphalt
mixture numerical model. The proposed models are validated through uniaxial tensile
tests based on experimental data.

3. Three-Dimensional Numerical Formulation

A three-dimensional particle model that directly represents the aggregates and the mas-
tic with spherical particles following a discrete element model framework was implemented
within the VirtualPM3DLab model [26]. The VirtualPM3Dlab has been implemented in C++
by the authors. An innovative 3D generalised Kelvin contact model has been incorporated
to model the asphalt material’s viscoelastic behaviour.

3.1. Viscoelastic Contact Model

The generalised Kelvin contact model (Figure 1) is adopted to characterise the time-
dependent behaviour of asphalt materials. This contact model relies on an incremental
formulation that utilises the rate of creep compliance to determine the relationships between
force and displacement. Compared to the commonly used Burgers models, the adopted GK
model predicts the viscoelastic response more accurately for a wider frequency range [34].

Figure 1. Generalised Kelvin contact model representation.

The total displacement is defined with the use of an integral hereditary formulation
that admits an initial value followed by integration over time, as expressed by

uξ(t) = Jξ(0) f (t) +
∫ t

0

dJξ(t − t′)
d(t − t′)

f
(
t′
)
dt′ (1)

where subscript ξ refers to ve and vp representing the viscoelastic and dashpot elements of
the contact model, respectively, and t′ is an integration variable.

In the GK contact model, the increment in the displacement of the viscoelastic (Kelvin
chains) and dashpot (ηm) elements is calculated by deriving Equation (1) and further
adopted to determine the displacement at time t + ∆t. The displacement associated with
the elastic portion derives from the direct relationship between the contact force and the

Figure 12. Influence of the GK viscoelastic parameters on the GK-Bilinear model response: (a) stiffness;
(b) viscosities.

The single contact predictions with the GK-Bilinear model (Figure 12) show that the
overall stress–strain evolution is minimally affected for the set of viscoelastic parameters
that are assessed. This similar response across different examples is because the damage
evolution with the total contact displacement is defined given the Maxwell spring (κm),
which, in most of the assessed examples, is similar. In the GK-Bilinear model, the peak
value is only slightly influenced by the adopted viscoelastic contact values.

5. Numerical Simulations
5.1. Experimental and Numerical Tests

In order to assess the possibility of predicting the behaviour of asphalt mastics and
asphalt mixtures under tensile loading with the proposed GK-Damage models, the numeri-
cal studies presented take into consideration the experimental tests reported by Silva [42].
These experiments investigated the mechanical behaviour of mastics and asphalt mixtures
through uniaxial tensile tests at a testing temperature of 15.0 ◦C. These asphalt material
samples, each measuring 8.0 × 5.0 × 5.0 cm3, featured notch tips at mid-height (0.80 cm in
length and height on both sides) to ease the fracture location and damage distribution. A
loading velocity of 8.0 × 10−4 m/s was used in these experimental analyses.

The asphalt mixture is a dense-graded (0/14 mm) mixture produced with granite
aggregates, limestone filler, and bitumen grade 35/50. The mastic specimens were prepared
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with a specific bitumen and fine aggregate grading (0/2 mm) composition to represent the
bituminous mastic found in the asphalt mixture.

The selected experimental setups provide significant advantages due to identical test
configurations and specimen geometries for both asphalt materials. The same methodology
was adopted in the work by Câmara et al. [26] for calibrating the viscoelastic properties.
The contact strength properties of the mastic-to-mastic contacts are calibrated following a
trial-and-error procedure adopting the available experimental tests. Then, the potential
to predict the asphalt mixture response given this previous calibration is assessed, which
considerably eases the calibration procedure.

During the experimental tests, the prismatic samples (either mastic or asphalt mixture)
were positioned upright on their smaller sides, with the bottom and top surfaces attached to
the testing machine plates to allow the development of tensile stresses. Detailed information
on sample preparation and experimental procedures can be found in [42].

In the numerical study, simulations are carried out for both asphalt materials subjected
to uniaxial tensile tests at a loading velocity consistent with the experimental investigation.
These simulations aim to characterise the materials’ fracture behaviour and validate the
VirtualPM3DLab DEM model for simulations incorporating damage considerations. In the
presented numerical simulations, a vertical velocity is applied to the upper wall while the
bottom wall remains fixed in all directions.

5.2. Numerical Specimen Calibration
5.2.1. Asphalt Mastic Model

The present study adopts the particle generation technique previously described
in [26]. In this method, spherical particles are randomly distributed within a specified
domain, and the Laguerre–Voronoi method is employed to determine their contact points
and respective contact areas within the three-dimensional assembly. The particle model
reaches stability once the domain is filled with mastic particles, ensuring that overlaps are
minimal and uniformly distributed.

Two particle assemblies are created for numerical simulations representing the asphalt
mastic. These assemblies are based on the material composition of the asphalt mastic as
experimentally investigated in [42], which includes detailed information on the filler, fine
aggregates, and bitumen characteristics that compose the samples. Figure 13a illustrates
the experimental asphalt mastic sample.
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In the initial step, an asphalt mastic with dimensions equivalent to the experimental
sample (8.0 × 5.0 × 5.0 cm3) is generated. This assembly comprises 70,596 randomly
distributed particles with diameters ranging from 1.5 mm to 2.0 mm and an average
diameter of 1.8 mm; they are interconnected through 447,670 interactions. These particles
represent the combination of filler, aggregates (diameter size below 2.0 mm), and bitumen.
Figure 13b shows this numerical assembly.
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Notably, representing all fine particles in DEM simulations is challenging due to its
significant impact on computational runtimes during the initial trial-and-error calibration
process. Therefore, a second particle assembly approach evaluates the effectiveness of
using a reduced-size structure to calibrate the GK-Damage contact model parameters.
This method aims to reduce computational efforts and speed up the calibration process,
considering a smaller portion to represent the whole.

The reduced-size asphalt mastic specimen, generated at one-eighth of the laboratory
specimen’s dimensions, maintains the same height as the laboratory sample, resulting
in a final size of 8.0 × 5.0 × 0.625 cm3. Ensuring similar heights minimises discrepancies
when comparing results with the full mastic representation and applying the calibrated
parameters to the asphalt mixture numerical model.

This reduced virtual specimen (Figure 13c) contains 8189 particles with diameter sizes
similar to those in the full mastic version and 48,081 contacts. Both virtual specimens
feature a mid-height notch of 0.80 cm in length and height along the sides, replicating the
experimental conditions applied to the mastic samples.

The asphalt mastic model includes two types of interactions: mastic-to-mastic and
mastic-to-wall contacts. The DEM model employs a linear elastic model for interactions
between any particle element and the wall to represent these interactions. Contacts within
the asphalt mastic phase are modelled using the viscoelastic GK contact model combined
with a damage model. The damage models are the brittle model (GK-Brittle) and the
bilinear softening model (GK-Bilinear) previously discussed.

5.2.2. Asphalt Mixture Model

Similar to the methodology applied for the mastic particle generation, a virtual asphalt
mixture with dimensions of 8.0× 5.0× 5.0 cm3 is created. This virtual specimen follows the
specifications, dimensions, aggregate gradation, and mastic characteristics detailed in [42].
The particle generation method follows the same procedure described for asphalt mixtures
in the authors’ previous studies [26,43], where coarse aggregates are initially introduced
from the largest to the smallest particles within the domain, followed by the addition
of mastic elements. In the adopted particle model, the aggregate and mastic particles
have, in fact, an approximate polyhedral shape given by the associated Laguerre Cell [33].
The adopted generation approach reduces the computational costs when compared with
approaches where the actual aggregate shape is adopted [44–47]. Note that the adopted
GK damage models can be readily incorporated if real aggregate shapes are considered.
This particle model comprises 26,203 particles, including coarse aggregates and mastic,
interconnected through 149,950 interactions. The experimental and numerical asphalt
mixtures incorporate notch tips that follow the specifications of the full-size mastic model.
Table 5 shows the number and corresponding volume of aggregate particles at each sieve
size and the mastic elements represented in the numerical model.

Table 5. Number and the corresponding volume of aggregate and mastic particles in the asphalt
mixture DEM model.

Sieve Size (mm)
Aggregates Mastic

19.0 12.5 9.5 4.75 2.0 <2.0

Number of particles - 13 28 298 2315 24,096
Volume (mm3) - 27,432.4 21,033.3 39,397.5 25,786.4 61,305.9

In the asphalt mixture model, mastic particles have diameters ranging from 1.5 mm
to 2.0 mm, with an average value of 1.7 mm. Figure 14 shows both the laboratory and
numerical asphalt mixture specimens.
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Five distinct contact types exist within the asphalt mixture model: aggregate-to-
aggregate, aggregate-to-wall, aggregate-to-mastic, mastic-to-mastic, and mastic-to-wall.
Table 6 specifies the corresponding number of contacts for each type of interaction. In the
particle assembly, interactions between any particle and the loading wall are described
by an elastic model. A GK-Damage contact model is adopted to represent the interac-
tions involving mastic elements—either aggregate-to-mastic or mastic-to-mastic—in which
damage can exhibit either a brittle behaviour, GK-Brittle, or a bilinear softening curve,
GK-Bilinear.

Table 6. Contact type and corresponding number of interactions within the asphalt mixture model.

Contact Type Number of Interactions

Aggregate-to-aggregate 5414
Aggregate-to-mastic 57,723

Mastic-to-mastic 86,813
Aggregate-to-wall 97

Mastic-to-wall 1794

The aggregate-to-aggregate contacts follow a linear elastic model with a normal contact
stiffness determined by

κn
a =

2Ea Ac

L
(19)

where L is the sum of the radii of the two adjacent aggregate particles, Ac is the cross-
sectional area of the spheres, and Ea is the aggregate Young’s modulus, taken as 61 GPa.
While some studies have assumed that the aggregate-to-aggregate contacts work only under
compression in DEM simulations with asphalt mixtures [17,48], others have indicated the
possibility of fracture occurring between adjacent aggregates under tensile forces. To
account for this, researchers have applied contact models that define normal and shear
contact strength parameters [49,50]. The present study considers three possible contact
behaviours for the aggregate-to-aggregate contacts: (1) an elastic model with brittle failure
(BRM), (2) an elastic model without cohesion that only works under pure friction (BRM-
NT), and (3) an elastic model with a bilinear contact softening damage model (BSM) as
proposed by Azevedo et al. [39]. The BRM contact model is adopted in simulations that
adopt the GK-Brittle model, whereas the BSM contact model is adopted in simulations that
adopt the GK-Bilinear model.

Table 7 details the different analyses evaluated in the asphalt mixture model. In Cases 1
and 2, the asphalt mixture model follows an overall brittle behaviour, with interactions
involving mastic particles adopting the proposed GK-Brittle model. In Case 1, the contacts
between adjacent aggregates follow the BRM contact model, while in Case 2, these contacts
follow the BRM-NT contact model. For Cases 3 and 4, the asphalt mixture model adopts an
overall bilinear softening behaviour, with interactions including mastic particles governed
by the proposed GK-Bilinear contact model. In Case 3, the contacts between adjacent
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aggregates follow the BRM-NT contact model, while in Case 4, these contacts follow the
BSM contact model. In all cases, a linear elastic contact model with zero shear stiffness
represents the aggregate-to-wall and mastic-to-wall contacts.

Table 7. Contact model approaches in the asphalt mixture numerical model.

Case Study Contact Type Contact Model

Case 1
Aggregate-to-aggregate BRM

Aggregate-to-mastic GK-Brittle
Mastic-to-mastic GK-Brittle

Aggregate-to-aggregate BRM-NT
Case 2 Aggregate-to-mastic GK-Brittle

Mastic-to-mastic GK-Brittle

Aggregate-to-aggregate BRM-NT
Case 3 Aggregate-to-mastic GK-Bilinear

Mastic-to-mastic GK-Bilinear

Aggregate-to-aggregate BSM
Case 4 Aggregate-to-mastic GK-Bilinear

Mastic-to-mastic GK-Bilinear

5.3. GK Viscoelastic Contact Parameters for DEM Numerical Simulations

The macroscopic parameters for the generalised Kelvin model are calibrated con-
sidering the values specified for the asphalt mastic at 20.0 ◦C [26]. However, due to the
influence of temperature on the material behaviour, especially the viscoelastic properties
characteristic of asphalt materials, adjustments are necessary to ensure consistency with
the current assessment temperature of 15.0 ◦C. To address this condition, the macroscopic
properties are fine-tuned according to the impact of the contact parameters identified in
the parametric study. Given the shared constituents in the mastic specimens at different
temperatures, the number of Kelvin elements for the GK contact model remains constant
(three units). Table 8 specifies the macro-scale parameters for the GK model.

Table 8. Macroscopic parameters of the calibrated GK model.

Parameters Values

E1 (kPa) 1.90 × 105

E2 8.00 × 105

E3 2.15 × 107

C1 (kPa·s) 6.71 × 106

C2 4.27 × 106

C3 8.36 × 105

Em (kPa) 3.12 × 106

Cm (kPa·s) 3.14 × 105

Note: E—elastic modulus of spring (Em—Maxwell, E1–E3—Kelvin chains 1 to 3); C—viscosity of dashpot (Cm—
Maxwell, C1–C3—Kelvin chains 1 to 3).

The normal GK contact properties (aggregate-to-mastic and mastic-to-mastic) are
defined based on the macroscopic parameters presented in Table 8 and on the following
relationships that are commonly adopted in DEM simulations [26,34]:

κn
ξ =

EξAc
L δ

ηn
ξ =

CξAc
L δ

(20)

where L is the sum of the radii of the two adjacent particles, Ac is the cross-sectional area
of the spheres, ξ assumes i for the i-th viscoelastic element in the Kelvin chain and m for
the Maxwell elastic and dashpot elements, and δ is a coefficient of adjustment between
the macroscopic and the DEM parameters related to the particle assembly and contact



Infrastructures 2024, 9, 118 18 of 31

properties. Simulations adopt 1.88 and 3.15 as the coefficients of adjustment for mastic-
to-mastic and aggregate-to-mastic interactions, respectively [26]. The shear GK contact
parameters are determined by multiplying the contact stiffness ratio (α) by the normal GK
contact properties. The contact stiffness ratio was set to 0.10 to approximate the macroscopic
Poisson coefficient of 0.40 for the mastic and asphalt mixture samples.

5.4. Brittle and Bilinear Strength Parameters

After calibrating the GK viscoelastic contact model parameters, the parameters of
the GK-Damage models are determined through a trial-and-error procedure to match the
numerical predictions with the known experimental load–deformation response of the
asphalt material. The single contact assessment previously carried out greatly simplified
the calibration.

Table 9 presents the best-fit contact properties for the GK-Brittle and the GK-Bilinear
contact models. As shown, the tensile strength is chosen to be similar in both models. In the
GK-Bilinear model, the adopted contact energy in mode I allows the numerical predictions
to exhibit a more ductile post-peak response, which agrees with the experimental response.
The strength properties associated with the shear direction are also presented. Note that the
shear contact strength properties for the range of values chosen do not have a significant
influence on the predicted macroscopic response under tensile loading.

Table 9. Contact strength parameters: brittle and bilinear models.

Contact Model GK-Brittle GK-Bilinear

Maximum contact tensile stress (MPa) 6.12
Maximum contact cohesion stress (MPa) 24.48

Contact fracture energy in mode I (N/mm) - 0.35
Contact fracture energy in mode II (N/mm) - 56.44

This study considers that interactions between adjacent aggregates in the asphalt
mixture model adopt the tensile contact strength (BRM and BSM) as described for the
viscoelastic contacts in Table 9.

6. Results
6.1. Asphalt Mastic Numerical Modelling—Reduced-Size Specimen

The initial phase of this numerical study focuses on assessing the damage performance
of asphalt mastic under a tensile test, reflecting the previously described experimental
conditions with a considered loading velocity of 8.0 × 10−4 m/s. Initially, the reduced-size
asphalt mastic structure is adopted to validate the input parameters and verify the 3D DEM
model response through a faster calibration process. This calibrated model will then be
integrated into the asphalt mixture model.

The DEM simulations, adopting input parameters from Tables 8 and 9, are conducted
considering both GK-Damage contact models, using a time step of 3.77 × 10−7 s/step.
Figure 15 presents the predicted stress–strain curves when assuming a GK-Brittle model
and a GK-Bilinear model. These predictions are then compared with the laboratory data.
Figure 15 also includes the evolution of contact damage during DEM simulations. In the
GK-Brittle model, this parameter represents the ratio of the total number of cracked contacts
to the total number of contacts considering damage. For the GK-Bilinear model, this factor
is given by the sum of the contacts’ damage divided by the total number of contacts.

The results indicate that the proposed GK-Damage models can predict a good agree-
ment in the pre-peak zone, effectively capturing the viscoelastic damage behaviour of
the asphalt material. Both the proposed GK-Damage models predict peak stress in good
agreement with the experimental values. However, when employing the GK-Brittle model,
the particle model response in the post-peak behaviour is significantly brittle, contrary to
what was experimentally observed.
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In contrast, the proposed GK-Bilinear softening model provides a better representation
of the gradual damage evolution after the peak stress is reached, in close agreement with
the laboratory response. Contact damage occurs before the peak stress, with nearly 6.0%
of contacts being severely cracked (considering contact damage greater than 75.0%) or
completely fractured.

Figure 16 shows the damage distributions for the GK-Damage models. The failure
mode observed in the experimental tests is also presented. Figure 16 highlights the evo-
lution of the damage distributions during simulations for the specific points (1, 2, and 3)
represented in Figure 15. For the GK-Bilinear model, Figure 16 represents the contacts
exceeding a damage of 75.0%. The proposed GK-Brittle and the GK-Bilinear models predict
a main crack/severely cracked surface located within the notch tip influential zone, which
is in good agreement with the main crack observed experimentally. In Figure 16c, as
expected, the damage pattern predicted with the GK-Brittle model is more localised. In
contrast, a more slightly random damage pattern is predicted with the GK-Bilinear model,
as shown in Figure 16f.
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Compared to the GK-Brittle model, the GK-Bilinear contact predicts a much higher
number of damaged contacts. Specifically, the GK-Brittle model predicts 704 completely
damaged contacts, while the GK-Bilinear model predicts 2655 contacts with a damage factor
greater than 75.0% (Figure 16f). The GK-Bilinear approach response results in an increase
in the number of damaged contacts observed outside the notch tip zone of influence.

The GK-Damage contact deformation predictions, magnified by a factor of 30, are
presented in Figure 17. The results confirm that specimen separations are located in the
vicinity of the notch tips for the GK-Damage models. While the GK-Brittle model predicts
a very abrupt localised failure, the GK-Bilinear model indicates that damage also occurs
outside the failure localisation.
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Figure 17. Asphalt mastic sample: (a) experimental [42]; predicted deformation field amplified of the
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Three-dimensional particle models are typically time-consuming and computationally
demanding, with the total number of particles and interactions significantly impacting
the computational runtimes. The contact model also contributes to the duration of simula-
tions [26]. In this study, simulations were carried out on an Intel i9@3.70 GHz multi-core
processor. As expected, the computational runtimes associated with both the GK-Brittle
and GK-Bilinear models were relatively similar for the same level of deformation, with the
GK-Bilinear approach requiring slightly more time (difference less than 8.6%) due to the
additional number of verification steps needed. By the end of their respective simulations,
as presented in Figure 15, computational runtimes were approximately 2 days and 8 days.

6.2. Asphalt Mastic Numerical Modelling—Full-Size Specimen

The results presented in the previous section show that the numerical response of the
reduced specimen closely aligns with the observed experimentally for a full sample, both
in terms of the stress–strain curves and the predicted damage distributions. As shown, a
good agreement is reached with both GK-Damage models, particularly when a GK-Bilinear
model approach is adopted, which predicts a much better agreement with the post-peak
behaviour verified in the experimental test.

However, to validate the effectiveness of the adopted trial-and-error procedure, which
used the reduced specimen, it is necessary to validate the obtained best-fit parameters
with a particle assembly that follows the dimensions of the experimental sample. There-
fore, simulations incorporating the calibrated contact parameters from Tables 8 and 9
are carried out with the particle assembly depicted in Figure 13b. A similar time step of
3.77 × 10−7 s/step is applied for simulations with both GK-Damage models. The predicted
results are then compared with those obtained with the reduced-size numerical specimen
and those obtained experimentally (see Figure 18).
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Figure 18. Stress–strain response of an asphalt mastic under tensile loading: (a) GK-Brittle; (b) GK-
Bilinear.

The numerical results for both GK-Damage models obtained with the full-size spec-
imen show a good agreement with the stress–strain response and the contact damage
evolution observed in the reduced-size asphalt mastic model. A slight reduction in the peak
stress is observed with the full model, with a decrease of less than 2.0% in both GK-Damage
models. A slightly higher cumulative deformation is also observed in the GK-Brittle model
response for the full-specimen scenario.

Figure 19 presents the damaged contacts within the central portion of the full-size
virtual mastic—dimensions are the same as the reduced-size mastic model—for both the
GK-Brittle and GK-Bilinear models. For the GK-Bilinear model, Figure 19b represents
the contacts exceeding a damage of 75.0%. From Figure 19, it is shown that the damage
propagation in the two numerical specimens follows a similar trend to that verified in the
reduced-size model, as well as the main crack observed experimentally.
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The simulations of the full-size mastic model, as expected, resulted in significantly
higher computational runtimes than those of the reduced-size model. A factor of around
eight times was obtained, meaning that the GK-Brittle and the GK-Bilinear models had
computational costs of 16 days and 64 days, respectively. Note that the full-size model
contains a number of particles eight times higher than the reduced-size model and a number
of contacts around nine times higher than the reduced-size model.
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This significant increase in the computational cost highlights the advantage of devising
strategies like the one adopted that used a reduced-size numerical model for the trial-and-
error procedure, especially for three-dimensional models that require a significant number
of particles and contacts.

6.3. Asphalt Mixture Numerical Modelling
6.3.1. Stress–Strain Response

This study adopts a similar methodology as the one described by Câmara et al. [26]
for the numerical calibration of the asphalt mixture, who showed that the calibration of
asphalt mixtures can derive from the prior calibration of their constituent asphalt mastic.
In addition, it was seen that incorporating time-dependent contact models to describe the
aggregate-to-mastic interactions improves numerical predictions. From previous calibra-
tions [26], the aggregate modulus (Ea) is set at 61.0 GPa.

As previously mentioned, three possible contact behaviours are adopted for the
aggregate-to-aggregate contacts, including an elastic model with brittle failure (BRM) when
using the GK-Brittle model for the contacts involving mastic particles and an elastic model
with a bilinear contact softening model (BSM) when the GK-Bilinear model is adopted for
the contacts involving mastic particles. The strength properties of these contacts are similar
to the ones considered for the viscoelastic contacts (GK-Damage models). This approach
assumes that coarse aggregates in typical asphalt mixtures are usually coated with a thin
asphalt binder layer. For both GK-Damage models, an additional elastic model without
cohesion that only works under pure friction (BRM-NT) is tested to assess the relevance of
this interaction in the predicted macroscopic response. A time step of 1.98 × 10−7 s/step is
used in the simulations.

Figure 20 presents the predictions of the asphalt mixture behaviour compared with
the experimental results [42]. Figure 20a shows that when a GK-Brittle model is adopted
for contacts involving mastic particles (Cases 1 and 2), there are no significant differences
in the predicted responses with the BRM and the BRM-NT models for the aggregate-to-
aggregate contact. Numerical simulations considering the BRM and the BRM-NT models
result in peak stresses of 2.41 MPa and 2.30 MPa, respectively. As expected, the model that
adopts aggregate-to-aggregate without cohesion (BRM-NT) predicts a lower tensile strength.
When adopting the contact properties of mastic contacts previously calibrated using a mastic
experimental test, the predicted tensile strength values are 70.0% to 85.1% lower than the
known asphalt mixture experimental values that vary from 5.01 MPa to 5.71 MPa.
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Figure 20. Stress–strain response of an asphalt mixture under tensile loading: (a) GK-Brittle (Cases 1
and 2); (b) GK-Bilinear (Cases 3 and 4).

The results with the GK-Brittle model indicate that an additional calibration of the
contact properties obtained with mastic specimens is required to predict peak tensile
stress values closer to the observed in the asphalt mixture. As expected, given the results
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presented for the mastic specimens, the behaviour predicted with a GK-Brittle model is too
brittle compared to the behaviour observed experimentally in asphalt mixtures.

As shown in Figure 20b, when considering a GK-Bilinear model for the contacts
involving mastic particles (Cases 3 and 4), the predicted peak macroscopic tensile strength,
contrary to the response obtained with the GK-Brittle model, is closer to the experimental
response. Regarding the stress–strain predicted result, as expected, a more ductile response
than that observed experimentally is verified with the GK-Bilinear model. Similar to the
approach considered with the GK-Brittle model, it would be possible to fine-tune the
contact properties obtained with the mastic test in order to achieve a better agreement
with the post-peak response. Note that the main objective of this analysis is to assess
the effectiveness of the adopted two-step contact property calibration procedure. Further
simulations are carried out to analyse the predictions of both the GK-Brittle and GK-Bilinear
models when a fine-tuning calibration is adopted.

6.3.2. Contact Damage Evolution Assessment

Figures 21 and 22 present the evolution of contact damage for the GK-Brittle and the
GK-Bilinear simulations, respectively. The contact damage evolution is presented separately
for three different contact types, i.e., aggregate-to-aggregate, aggregate-to-mastic, and
mastic-to-mastic contacts, and all the contacts (overall sum). The contact damage evolution
for the contacts located between the notch tips (notch influential volume) for a total height
of 0.80 cm is also presented.
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Figure 21. Contact damage evolution in the particle assembly adopting a GK-Brittle model: (a) Case 1:
BRM; (b) zoom-in of the BRM response; (c) Case 2: BRM-NT; (d) zoom-in of the BRM-NT response.
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Figure 22. Contact damage evolution in the particle assembly adopting a GK-Bilinear model:
(a) Case 3: BRM-NT; (b) Case 4: BSM.

As shown in Figure 21, for Case 1, which adopts a BRM in the aggregate-to-aggregate
contacts, damage starts to occur at a low strain value and increases to nearly 33.0% by
the end of the simulation. With the cases that adopt a GK-Bilinear model, Figure 22, the
aggregate-to-aggregate contact damage evolution in the BSM is within the predicted range
of contact damage evolution for other contact types. Adopting a bilinear contact model
significantly reduces the damage evolution compared to the brittle model.

In both GK-Damage models, the contact damage evolution can be divided into three
different stages. Initially, in Stage I, no damage is observed in contacts involving mastic
elements for all case scenarios. This stage primarily involves damage evolution localised
between adjacent aggregates (when allowed) because of the rearrangement of aggregates
in the virtual specimen.

In Stage II, there is an increase in the percentage of damaged contacts, especially in
the aggregate-to-mastic and mastic-to-mastic contacts in the volume of influence of the
notch tips of the specimen. This increase is reflected in a rise of the notch tip damage curve,
surpassing the overall specimen damage, indicating a focused zone of damage within the
virtual assembly and a predisposition towards fracture.

Stage III marks a rapid increase in the contact damage evolution, particularly in
aggregate-to-mastic contacts, for Cases 1 and 2 (see Figure 21). For Cases 3 and 4, Figure 22
shows a damage stabilisation tendency. In both GK-Damage models (Figure 22), at this final
stage, a higher percentage of damaged aggregate-to-mastic contacts is observed compared
to those within the asphalt mastic phase, implying that while contact damage occurs in both
aggregate-to-mastic and mastic-to-mastic contacts, the former significantly influences the
numerical model final failure. These results highlight the higher susceptibility of aggregate-
to-mastic contacts to failure and their role in facilitating crack propagation through the
particle model. This observation suggests the importance of focusing on the aggregate-to-
mastic contacts and understanding their influence on the failure mechanisms of asphalt
mixtures, underscoring the importance of the adhesiveness between the aggregate and
mastic for the fracture resistance of asphalt mixtures. This finding aligns with other
numerical studies reporting similar findings [51], even when assigning similar contact
properties to both types of interactions [12]. Sun et al. [28] also showed that the number of
damaged aggregate-to-mastic contacts was more pronounced than that of mastic-to-mastic
contacts in asphalt mixtures, especially when increasing temperature.

Additionally, Stage III indicates that damage is notably concentrated in the zone
of influence of the notch tips, reaching levels between 20.2% and 38.4% for both GK-
Damage models. When aggregates assume a BRM-NT (Case 3) and BSM (Case 4) approach,
damage in this particular zone reaches nearly 27.6% and 38.4%, respectively, highlighting a
difference primarily due to the additional damage in the aggregate portion. For the GK-
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Brittle model, at the end of simulations, the damaged contacts in the notch tip zone show
similar proportions—22.5% and 20.2%—between the BRM (Case 1) and BRM-NT (Case 2)
approaches, respectively, suggesting that damage among aggregates predominantly occurs
outside this specific region.

Table 10 presents the number of contacts that are completely cracked (D = 100%),
Cases 1 and 2, or exhibit contact damage greater than 75.0%, Cases 3 and 4, for each contact
type, in the vicinity of the notch tips or in the particle assembly. In all cases, as expected,
the majority of the damaged aggregate-to-mastic and mastic-to-mastic contacts occur in
the vicinity of the notch tips of the specimen, showing that damage localisation occurs for
both GK-Damage models. For Case 4, more than 89% of aggregate-to-mastic contacts and
almost all mastic-to-mastic contacts with damage exceeding 75.0% occur in the vicinity of
the notch tips.

Table 10. Number of contacts with damage exceeding 75.0% for each contact type in the asphalt
mixture model.

Case Study Aggregate-to-Aggregate
Contact Model

Number of Damaged Contacts: Notch (Total Specimen)

Aggregate-to-Aggregate Aggregate-to-Mastic Mastic-to-Mastic

1 BRM 454 (1559) 1422 (1534) 1291 (1293)
2 BRM-NT - 1386 (1498) 1234 (1234)
3 BRM-NT - 1890 (3161) 1721 (2037)
4 BSM 265 (390) 1933 (2169) 2297 (2317)

The predicted contact damage distributions under tensile loading for Cases 1 to 4 are
presented in Figures 23 and 24. In contrast to Figure 14b, which differentiates aggregates by
colour based on sieve size, these figures employ a uniform colour scheme to simplify the
visualisation and interpretation of the damage distributions in the particle model. Three
cross-sectional views of the asphalt mixture reveal the distribution of contact damage
among the different types of contact present in the particle model.
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layers: (a–c) Case 1 (GK-Brittle, BRM); (d–f) Case 2 (GK-Brittle, BRM-NT).
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layers: (a–c) Case 3 (GK-Bilinear, BRM-NT); (d–f) Case 4 (GK-Bilinear, BSM).

As expected, the main contact damage locations in these case studies are located in
the vicinity of the notch tips, confirming its higher susceptibility to damage progression
in the asphalt mixture model, primarily due to damage occurring along the aggregate-
to-mastic and mastic-to-mastic contacts. Gao et al. [52] also suggested that macro-cracks
predominantly form at aggregate-to-mastic and mastic-to-mastic contacts in the fracture
analysis of asphalt mixtures subjected to three-point bending tests. Dispersed damage
occurs outside the volume of influence of the notch tips and in the mid-height of the
numerical specimen; however, its impact on the overall specimen damage is minimal.
Despite a significant percentage of damaged contacts among adjacent aggregates in Case 1
(using the BRM approach), as indicated in Figure 21a, these damaged contacts are more
likely to occur outside the zone between the notch tips of the numerical model, indicating
that these damaged contacts do not significantly contribute to the macro-crack formation
of the model.

6.3.3. Contact Property Fine-Tuning

As shown in Section 6.3.1, additional calibration of the contact strength properties
obtained using asphalt mastic tests is necessary to be carried out, particularly for the
GK-Brittle model (see Figure 20a). Therefore, simulations were carried out for Case 1
(GK-Brittle, BRM) and Case 4 (GK-Bilinear, BSM) to further adjust the aggregate-to-mastic
and the mastic-to-mastic contact properties to improve the numerical representation of the
asphalt mixture behaviour.

Figure 25a shows that it is possible to calibrate the aggregate–mastic and the mastic–
mastic contacts in order to predict with a GK-Brittle model a numerical asphalt mixture
response closer to the experimental response than the numerical response obtained with
the GK-Brittle parameters calibrated in the mastic tests. An increase in the contact strength
parameter of the order of 2 and an increase in the aggregate–mastic viscoelastic properties
of the order of 1.4 predicts a reasonable peak strength value (Case 1a).
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Figure 25. Stress–strain response of an asphalt mixture under tensile loading: (a) GK-Brittle (Cases 1
and 1a); (b) GK-Bilinear (Cases 4, 4a, and 4b).

With the GK-Bilinear model, it is also possible to obtain a numerical asphalt mixture
response closer to the experimental response than the numerical response obtained with
the GK-Bilinear parameters calibrated in the mastic tests (Case 4). As highlighted in the
parametric study, the contact fracture energy in mode I and the maximum contact tensile
strength are key contributors to the peak stress and post-peak ductility response of the
material. An increase in the aggregate–mastic viscoelastic properties of the order of 2.5
and a reduction of 25% of the contact fracture energy in mode I predict not only the peak
strength but also the post-peak behaviour until failure (Case 4a). If a reduction of 25% of
the fracture energy is also adopted in the mastic-to-mastic contacts, the agreement with the
post-peak response is improved (Case 4b).

Figure 26 shows, for Cases 1a and 4b, the particle model deformation field at the end
of the simulation and the final failure mode observed experimentally. An amplification
factor ratio of 125 (Case 1a) and 45 (Case 4b) is adopted to highlight the deformation in the
particle models. The failure mode appears more localised when using a GK-Brittle model.
Note that in the GK-Bilinear model, there are still working contacts that interconnect the
upper and lower assembly (crack bridging).
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Overall, the presented numerical simulations point out that adopting a GK-Bilinear
model achieves better agreement with the known behaviour of asphalt mixtures under
tensile loading. This approach results in a less localised contact damage distribution,
with dispersed contact damage predicted in zones beyond the crack tip zone of influence.
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Additionally, the results indicate that by using a BSM contact model for aggregate-to-
aggregate contacts, the predictions are in better agreement with the experimental behaviour,
especially when a fine tune of the contact parameters is adopted for the interactions
involving mastic particles.

Simulations showed notable differences in computational runtimes due to the distinct
nature of the adopted contact models. Similarly to what was verified in the computational
analysis for the mastic model case, the computational runtimes associated with both the
GK-Brittle and GK-Bilinear models were relatively similar for the same level of deformation.
As expected, simulations using the GK-Brittle model (Cases 1 and 2) exhibited very close
computational runtimes for the same level of deformation of the numerical specimen, with
a difference of approximately 4.5%. Compared to simulations adopting the GK-Brittle
model (Cases 1 and 2), simulations with the GK-Bilinear model (Cases 3 and 4) required
more time (difference less than 16.5%) due to the additional number of verifications needed.
By the end of their respective simulations, as presented in Figure 20, simulations required
nearly 2 days for Cases 1 and 2, whereas computational runtimes for Cases 3 and 4 extended
to approximately 11 days. Simulations carried out to fine-tune the GK-Damage contact
properties required computational runtimes of the same magnitude as those of the previous
simulations from Cases 1 to 4.

7. Summary and Conclusions

In this study, two damage models coupled with a generalised Kelvin contact model
are proposed, enabling the DEM-based particle model to represent the viscoelastic-damage
behaviour under loading. The proposed GK-Damage models have been validated for
mastic and asphalt mixture specimens. The main findings are summarised as follows:

- The impact of the GK-Damage parameters and loading velocity was evaluated for
both the proposed GK-Damage models for a single contact. For the GK-Bilinear model,
adjustments in the contact fracture energy in mode I and the maximum contact tensile
strength can be applied to control the predicted peak stress and post-peak ductility.
The viscosity element ηm affects both GK-Damage contact models, while the stiffness
parameters (κm and κi) have a more significant influence on the GK-Brittle model
response. The effect of the viscosity of the Kelvin chain (ηi) is negligible on both
GK-Damage models. The loading velocity directly influences the response of both
GK-Damage models.

- The proposed GK-Bilinear model improves the numerical representation of asphalt
mixtures, especially when adopted for aggregate-to-mastic and mastic-to-mastic con-
tacts, and aggregate-to-aggregate contacts follow a softening damage approach. A
fine-tuning of the GK-Damage contact properties is shown to improve numerical
predictions for both GK-Damage models.

- Within a GK-Brittle model, the model adopted for the aggregate-to-aggregate contacts,
with or without cohesion, does not significantly influence the predicted macroscopic
responses. Its influence is more pronounced in particle models that adopt a GK-
Bilinear model.

- In asphalt mixtures, aggregate-to-mastic contacts are the primary points of failure.
The percentage of damaged contacts at these interactions is more pronounced than
that within the mastic phase. Under a tensile loading test of a notched specimen,
contact damage between the notch tips is significantly higher than in other parts
of the asphalt mixture, leading to the formation of a macro-crack that results in the
specimen’s failure.

- The evolution of contact damage can be divided into three different stages. Stage I in-
volves mainly damage evolution located between adjacent aggregates (when allowed)
as a result of the rearrangement of these elements in the specimen, predominantly
occurring outside the notch tips. In Stage II, damage develops in the viscoelastic dam-
age contacts as stress increases, especially around the notch tips. In Stage III, damage
may follow a rapid increase (GK-Brittle) or a stabilisation tendency (GK-Bilinear).
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- The proposed GK-Damage models have close computational runtimes for the level
of deformation, with an increase of nearly 10% for the GK-Bilinear model due to
additional checks performed. Also, by adopting a reduced-size mastic specimen to
calibrate the GK-Damage contact parameters, simulation runtimes decreased by eight
times. For asphalt mixtures, simulation runtimes varied from 2 days for the GK-Brittle
model to 11 days for the GK-Bilinear model.

The proposed GK-Bilinear model gives a better agreement with the known mastic
and asphalt mixture behaviours under tensile loading. The responses predicted by the GK-
Brittle model are brittle under tensile loading, deviating significantly from the more ductile
behaviour observed experimentally for the given temperature and loading velocity. The
proposed methodology that calibrates the strength properties of the GK-Damage models,
which involves using experimental data from the mastic and then applying the calibrated
values to predict the asphalt mixture behaviour, proves effective when a GK-Bilinear contact
model is adopted for mastic interactions.
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