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Abstract: This study employs a microstructure-based finite element modeling approach to under-
stand the mechanical behavior of asphalt mixtures across different length scales. Specifically, this
work aims to develop a multi-scale modeling approach employing representative volume elements
(RVEs) of optimal size; this is a key issue in asphalt modeling for high-fidelity fracture modeling
of heterogeneous asphalt mixtures. To determine the optimal RVE size, a convergence analysis of
homogenized elastic properties is conducted using two types of RVEs, one made with polydisperse
spherical inclusions, and another made with polydisperse truncated cylindrical inclusions, each
aligned with the American Association of State Highway and Transportation Official’s maximum
density gradation curve for a 12.5 mm Nominal Maximum Aggregate Size (NMAS). The minimum
RVE lengths for this NMAS were found to be in the range of 32-34 mm. After the optimal RVE size
for each inclusion shape is obtained, computational models of heterogeneous Indirect Tensile Asphalt
Cracking Test samples are then generated. These models include the components of viscoelastic
mastic, linear elastic aggregates, and cohesive zone modeling to simulate the rate-dependent failure
evolution from micro- to macro-cracking. Examination of load-displacement responses at multiple
loading rates shows that both heterogeneous models replicate experimentally measured data satis-
factorily. Through micro- and macro-level analyses, this study enhances our understanding of the
composition-performance relationships in asphalt pavement materials. The procedure proposed
in this study allows us to identify the optimal RVE sizes that preserve computational efficiency
without significantly compromising their ability to capture the asphalt material behavior under
specific operational conditions.

Keywords: representative volume element; heterogeneous model; asphalt pavement; fracture; finite
element modeling; RVE-based approach

1. Introduction

Asphalt is a complex composite material, the performance of which depends strongly
on the morphology of its microstructure. Considering heterogenous material properties at
the micro level allows for the creation of multi-scale modeling approaches to better evaluate
the composite behavior and overall pavement response as compared to traditional mod-
eling with fully homogenized material properties. By accounting for real microstructural
characteristics, such as constituent phases, sizes, shapes, orientations, and local properties,
multi-scale modeling has the potential to provide more accurate predictions of mixture
performance properties that emerge from these microstructural factors. Moreover, it is
particularly useful for modeling pavements, which requires the simultaneous investigation
of meter-scale domains along with mm-scale responses i.e., micro-fracture, coalesced cracks,
dislocations, etc.
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Multi-scale modeling concepts have been applied to asphalt materials and pave-
ments [1-3]. These approaches can be divided into two types. In the first type, the
constitutive behavior of an infinitesimal material point at the macro-scale is described
by the homogenized response of a representative sample of the heterogeneous material
structure at the micro-scale [4-6]. An important assumption of this approach is the scale
separation, which is obtained if the structural dimensions are significantly larger than the
dimensions of the material inhomogeneities [7-9]. To achieve this, a representative volume
element (RVE) is defined, such that it statistically represents the entire composite. This RVE
should contain sufficient inclusions to ensure that the overall moduli are effectively inde-
pendent of the surface values of traction and displacement [10-12]. Thus, the RVE should
be large enough when compared to the characteristic dimensions of the microstructure
(e.g., particle sizes) but small enough when compared to the entire body. In the second type,
the assumption of scale separation is not required. This can be addressed using multi-scale
modeling, which iteratively solves the micro- and macro-problems, informing one another
through a feedback loop [13,14].

Multi-scale modeling of granular composite materials, such as asphalt pavements,
offers an avenue to gain a much-needed fundamental understanding of their behavior
at different length scales. This understanding is pivotal for optimizing pavement design,
assessing performance, and defining maintenance strategies, as shown in a recent review
by Wang W. and Wang L. [15]. The scope of the review was focused on developing a
multi-scale modeling framework involving the use of RVEs for micro-scale characterization
to represent various asphalt pavement constituents.

The concept of RVE was developed in the field of materials science in the mid-20th cen-
tury, with important early contributions by Hershey [16] on the elasticity of anisotropic
cubic crystals. While Hershey did not address asphalt materials specifically, the principal
approach of RVE is becoming popular in various material fields, including those dealing
with asphalt pavement, to study distribution of stresses and other mechanical proper-
ties (observed macroscopically) in microstructural behaviors [16,17]. Building upon these
works, more recent studies conducted micromechanical analyses on RVEs and derived
Young’s modulus, revealing the potential of utilizing crystal properties to estimate asphalt
behavior [18-20].

Many studies have investigated the microstructural behavior of asphalt materials to
determine the appropriate size of the RVE. These studies used various experimental and
numerical techniques to study asphalt materials. For instance, by using geometrical analysis
and FE simulations, a study by Kim et al. [21] verified that a size of 50 mm is effective as an
RVE for dense-graded Superpave mixtures, but much larger scales are found to be required
in the case of stone matrix asphalt. A further study by Kim et al. [22] employed a purely
statistical-numerical approach based on volume fractions (not grain size) for multigrain
features like aggregate area fraction, gradation, orientation, and spatial distribution, and
identified RVE sizes of approximately 60 mm. Additionally, Kanit et al. [23] and Pelissou
et al. [24] addressed the representative size of the RVE and the uncertainty in estimating
effective properties. They also suggested a statistical theory to calculate the minimum RVE
size and they found that an RVE of 20 mm x 20 mm x 20 mm was able to represent asphalt
mixture behavior.

With values of 50 mm for Superpave and 60 mm RVE sizes for stone matrix asphalt mix-
tures, several studies use experimental testing in combination with numerical approaches,
such as FEM or digital image correlation (DIC), to estimate the suitable RVE size [25-28].
Further research by Marasteanu et al., Liu et al., Szydlowski et al., Fadil et al., and Li et al.
used a number of modeling approaches, such as computational microstructural modeling
and fracture simulations, to refine these estimates [29-34].

Despite many improvements in this field, multi-scale modeling of asphalt pavement
and its integration with experimental observations still has major research gaps. For in-
stance, there is no standard RVE size estimation technique that could be used for all the
different types of asphalt mixtures. The current literature has provided varying recommen-
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dations, suggesting a lack of consensus and the need for more comprehensive studies to
establish uniform guidelines. Furthermore, multi-scale modeling provided an attractive
solution in simulating asphalt behavior, but efforts that integrate these models with real
field data are limited. Additionally, it imposes considerable challenges for dealing with
computational complexity. Research into more efficient computational algorithms and the
use of advanced computational resources is essential to overcome these problems. Finally,
multi-scale modeling has not yet been adequately employed in advancing sustainable
pavement design. Understanding how these models can facilitate a greater incorporation
of recycled materials and other sustainable practices during pavement design could offer
significant environmental benefits.

To address the growing challenges in asphalt pavement design, this study focuses on
developing a multi-scale modeling approach to predict damage evolution in heterogeneous
asphaltic mixtures. The main objective of this study is to further develop the understanding
of how micro-structural features such as particle distribution and binder characteristics
control mechanical behavior under realistic loading conditions, as shown in Figure 1.

Homogenization

RVE

Micro-scale

Macro-scale

Multi-scale modeling
Figure 1. Scheme of multi-scale modeling through RVE based approach.

Building on the literature findings, this study proposes a multi-scale modelling frame-
work for asphalt pavements using RVEs and particle size distributions based on the Ameri-
can Association of State Highway and Transportation Officials (AASHTO) gradation chart.
The proposed framework uses RVEs of optimal sizes to create a full-scale IDEAL-CT model
that considers viscoelastic mastic behavior and fracture evolution via cohesive zone model-
ing, for evaluating various asphalt pavement behaviors and mechanical properties under
varying loading rates.

One key contribution of this study is the introduction of an approach to determine
the RVE size for heterogeneous asphalt mixtures by considering different inclusion shapes
(spherical and cylindrical). Our results indicate that the optimal RVE size depends on the
inclusion shape, which has not been extensively explored in other studies [4,35—42]. This
highlights the increase in sensitivity of microstructural variability, such as inclusion shape,
in the modeling of asphalt mixture behavior. A second contribution of this study is the
creation of an RVE-based modeling framework capable of reproducing the mechanical
behavior of heterogeneous asphalt mixtures under various loading rates. The predictive
ability of the proposed framework is demonstrated by comparisons with experimental
data obtained from full-scale IDEAL-CT specimens. This represents a critical advance in
multiscale modeling of heterogeneous asphalt mixtures as it validates the use of RVEs
for evaluating their rate-dependent fracture behavior, a challenge hardly addressed using
traditional homogenized models. This work is, however, limited to the scope of determining
the optimal RVE sizes based on fixed values for the Young’s modulus of the aggregates
and mastic phases. Consequently, the applicability of these optimal RVE sizes may be
constrained for different types of aggregates and mastic, or at different temperatures. The
latter is an important issue as the apparent elastic properties of the mastic are highly
temperature dependent. Further research will aim to address this limitation by exploring
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the impact of variations in material properties and environmental conditions on the optimal
RVE sizes.

2. Background

Asphalt pavement consists of aggregate particles coated with a bituminous binder
mastic. With such a complex microstructure, homogenization techniques based on RVEs
have become an interesting and valuable modeling approach to determine and evaluate
the effective properties of asphalt mixtures. In recent years, most of the research studies
were focused on the viscoelastic properties of asphalt mixtures, fracture mechanics, and
damage evolution models. Some studies took into consideration the effects of binder
content, aggregate gradation, and temperature. However, most of the proposed models in
past studies lacked detailed simulations at the microstructural level, and such modeling
will be in the focus of the present study. Analytically, early models included the rule of
mixtures and its variations, including the modified rule of mixtures, along with Halpin Tsai
equations for the foundation of estimating elastic properties of composite materials [43—46].
However, such classical laminate theories experience accuracy limitations, especially when
attempting to predict out-of-plane properties. Although the classical theories do provide
useful numerical results, they ignore constituent interactions.

Models like the Chamis model, elasticity approach model, self-consistent model, and
Mori-Tanaka model are noted for their better prediction capability [39,47-49]. The Chamis
model has been established as one of the best micromechanical models for determining
all five independent elastic properties. While using a similar formulation of the rule of
mixtures to estimate Young’s modulus Eq;, which represents the Young’s modulus in the
1-direction along the primary material axis and indicating the material’s stiffness in that
direction, and Poisson’s ratio v15, which describes the ratio of the transverse strain to
axial strain when stress is applied in the 1-direction, this model uses different methods
for predicting other elastic moduli such as Ep, which is the Young’s modulus in the
2-direction transverse to the primary axis, representing the stiffness perpendicular to the
1-direction, and Gy, and Gp3, which represnt shear modulus in the 1-2 plane and 2-3 plane,
respectively, representing the material’s resistance to shear deformation between the 1,
2, and 3 directions. The Mori-Tanaka model is a self-consistent method that assumes
that each inclusion is embedded in an equivalent particle with the average strain of the
composite. This method yields closed-form analytical solutions for computing the five
independent elastic moduli of a composite with spherical- or ellipsoidal-shaped inclusions.
However, the use of numerical procedures is needed for the composite elastic constants
with non-spherical inclusions.

With advancements in computational power, the finite element method (FEM) has
become one of the most powerful numerical modeling tools used to model RVEs. FEM fa-
cilitates the study of damage mechanisms in composites and complex microstructures [50].
However, generating accurate RVE models is difficult because correctly representing the
fine microstructural details of heterogeneous materials requires large databases and compu-
tational times. This involves modeling the inter-phase and phase-constituent interactions
within the composite (i.e., statistical representativeness, multi-scale material response, etc.).
In addition, the computational cost of high-resolution simulations and the challenge to
validate models using exactly observed experimental data further complicates this process.
While numerous algorithms have been proposed to generate particulate RVE models, these
are limited primarily to simple inclusion shapes and low volume fractions [51-53]. Compu-
tational tools, such as ANSYS Material Designer [54], could be a possible solution to these
problems and could facilitate the generation of RVEs tailored for heterogeneous asphalt
mixtures. In this study, ANSYS Material Designer is utilized to create a variety of RVEs for
homogenized elastic property calculation and for identifying those optimal RVEs that can
accurately model heterogeneous asphalt mixtures.
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3. RVE Modeling and Selection

The development of accurate multi-scale models for asphalt pavement modeling
requires an appropriate selection of RVE size while considering adequate aggregate (inclu-
sion) shapes and distribution. In the remainder of this section, we discuss our approach
to determining the optimal size of the RVE while considering various types of aggregate
shapes with size distributions adhering to AASHTO gradation charts. As will be discussed
in detail later, the RVE geometry, as well as the effective elastic properties of the asphalt
mixture, will be obtained using ANSYS Material Designer.

3.1. RVE Modeling in ANSYS

Two crucial components for accurately predicting the mechanical behavior of asphalt
materials within a multi-scale modeling framework are the determination of effective
mechanical properties and the selection of a suitable RVE [28,55-57].

ANSYS (2022 R2) commercial finite element software was used in this study for
modeling RVEs and for simulating fracture behavior in asphalt mixtures. To find the
effective mechanical properties of the RVEs, this study employs the ANSYS Material
Designer tool. This tool is employed because it simplifies the creation of many types of RVE
models and automates the calculation of effective mechanical properties based on aggregate
size, distribution, and the material properties of each phase in the RVE. These effective
properties could be directly used in macro-scale simulations, or the actual RVEs could
be used in heterogeneous modeling. It not only offers several predefined RVE templates,
but also allows modeling custom-made RVEs to suit specific needs in an adaptive and
efficient way.

While ANSYS is typically used for the macro-mechanical analysis of structures, our
work further extends its application by incorporating microstructural features into the
RVEs and cohesive zone models (CZM) for modeling of laboratory-scale fracture tests
(see Section 4). This provides an approach to not only capture the microscale interactions
of aggregates and mastic but also the macroscale performance of asphalt mixture. The
use of ANSYS also allowed us to model the viscoelastic behavior of the mastic phase,
the most important feature of asphalt mixtures, without requiring additional software
development to handle viscoelasticity. Furthermore, certain features of ANSYS, such as the
implementation of the exponential cohesive zone model, allowed us to run more realistic
fracture simulations. This cohesive law is one of the most widely used laws in modeling
fractures in asphalt and other quasi-brittle materials such as concrete, and proved effective
in capturing the crack propagation behavior in our asphalt mixture samples [54,58—60].

As discussed later, the numerical modeling of typical fracture tests, such as the IDEAL-
CT (Indirect Tensile Asphalt Cracking Test), which is widely used within the asphalt
pavement community, is performed based on RVEs of optimal sizes obtained in this section.
Although ANSYS provides tools for RVE-based modeling, its limitations in full-scale
pavement modeling must be acknowledged. For instance, a fully heterogeneous model
of an entire pavement section would require the explicit modeling of thousands or even
millions of aggregate particles, which is computationally prohibitive. Instead, this study
focuses on determining optimal RVE sizes and their applications in laboratory-scale fracture
tests. Although out of the scope of the present study, results from such tests could guide the
development of equivalent homogeneous fracture models for future full-scale applications,
eliminating the need for explicit aggregate modeling.

ANSYS Material Designer determines the effective material properties of the RVE
via homogenization. To do so, the software performs six finite element analyses: tensile
tests in the X, Y, and Z directions and shear tests in the XY, YZ, and ZX planes. Figure 2
depicts two representative load cases used to obtain the effective mechanical properties in
ANSYS Material Designer. For each test case, a macroscopic unit strain is applied, and the
corresponding reaction forces on the boundary faces of the RVE are computed. For each
of these analyses, the software imposes periodic boundary conditions on all faces of the
RVE. Periodic boundary conditions are typically employed in homogenization approaches
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to simulate infinite media and mitigate boundary effects [61-63]. The material stiffness
matrix is then constructed using these reaction forces, from which engineering constants
can be derived. The material stiffness matrix D for an orthotropic material is expressed
by the below matrix, in which oy, ¢y, and ¢, are the normal stresses in the x, y, and z
axes, respectively, and oy, 0z, and 0z, the shear stresses in the respective planes. The
terms ¢y, €y, and ¢; are the normal strains, while 7y, 7y, and 7.y are the respective shear
strains. This equation is obtained from the principles of elasticity theory, applying to
orthotropic materials, and it describes how the stress components relate to the applied
strain components under various loadings [64,65].

Oy D1 Dip Dy O 0 0 Ex
oy Dyy D Dz 0 O 0 €y
0| _|Dz1 D3 D3z 0 0 0 54
Oxy 10 0 0 Dy O 0 Vxy
Oyz 0 0 0 0 D55 0 Iyyz
Ozx 0 0 0 0 0  Degg Vox

|

L L
Initial
— L —
Uniaxial tension Shear loading

Figure 2. Mechanical characterization of periodic unit cell: load in extension-compression (left) and
loading in shear (right).

Furthermore, the model setup includes full details of the displacement fields at the
RVE boundaries to ensure that rigid body motions are restricted, and the periodicity
requirements are met. These specifications are critical as they prevent non-physical defor-
mations and maintain the integrity of the homogenization process, thereby providing a
more reliable and accurate prediction of the material properties in practical engineering
applications [54,55,59,60,66].

3.2. RVE Types

As shown in Figure 3, this study considers two types of RVEs. The first considers
polydisperse spherical inclusions (Figure 3a), whereas the second considers polydisperse
truncated cylindrical inclusions (Figure 3b). The first RVE was considered to capture the
effect of different aggregate sizes within the matrix, whereas the second was considered
to account for specific material features such as the angularity of aggregate particles. The
evaluation of these two types of RVE provided valuable insights concerning the influence of
aggregate shape on effective elastic mechanical properties on asphalt pavement materials.

ANSYS Material Designer requires the user to specify the elastic properties of particles
and matrix to obtain the effective mechanical properties of the composite. While this
work focuses primarily on the mechanical behavior under the specific loading conditions
mentioned, future research will incorporate temperature-dependent properties to simulate
asphalt performance in varying thermal conditions. For instance, properties such as thermal
expansion coefficient, heat conductivity, and temperature-dependent elastic moduli for the
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different material phases could be included to account for thermal effects in the RVE model.
A model incorporating these thermal properties would allow for analyzing the influence
of temperature variations on the optimal RVE size needed for modeling heterogeneous
asphalt mixtures. For the purposes of this work, the material properties for both particles
(aggregates) and matrix (mastic) are adopted from the literature and are shown in Table 1.

Figure 3. Types of inclusions considered in this study: (a) Polydisperse spherical particles and
(b) truncated cylindrical particles.

Table 1. Elastic material properties of the homogenized RVE components.

Material Density (kg/m®) Young’s Modulus (GPa) Poisson’s Ratio
Aggregate 2300 40.50 0.2
Mastic 1050 2.025 0.3

Material properties for the aggregates were selected based on typical values of Young’s
modulus (40.5 GPa), and Poisson’s ratio (0.2). For limestone aggregates commonly used
in asphalt mixtures, the modulus might vary between 33 and 48 GPa depending on the
source material and its composition. In previous studies, the aggregate modulus for
asphalt concrete mixtures has been assumed to be approximately 40 GPa. This value
agrees well with our chosen value of 40.5 GPa, selected to maintain consistency with the
standard industrial practices during the modeling of the elastic behavior of the aggregates
in asphalt [67-70].

This work does not aim to perform a sensitivity analysis of the variation on the influ-
ence of Young’s modulus and Poisson’s ratio of aggregates on the optimum size of RVEs.
Instead, the effort is focused on using typical values of elastic properties for the different
material phases (i.e., aggregates and mastic) and investigating the effect of aggregate shape
on mechanical behavior when both aggregate shapes meet the target gradation curves
commonly used for asphalt pavements design. The selected elastic properties values have,
therefore, been chosen under realistic conditions so that the microstructural interactions of
the asphalt mixture can be effectively modeled and analyzed.

The predefined parameters for generating the RVEs containing each of the two inclu-
sion types included volume fraction, initial size, and diameter of particles [55,56]. Next,
within the cubical modeled volume, Material Designer randomly places non-overlapping
particles to create the RVEs. This process of randomly inserting particles continues until
either the volume fraction (i.e., filling level), percolation limit (jamming), or any other
primary requirement is satisfied [71,72]. It is important to note that, in all our models, the
inclusions were fully contained within the boundaries of the cube. Also, both the matrix
and the inclusions were meshed using 10-node tetrahedral elements [58,59,73].

3.3. Particle Gradation

The size distribution of aggregates plays a crucial role in the performance and en-
gineering properties of asphalt mixtures. Therefore, an appropriate RVE model should
accurately reflect the gradations of particles found in real asphalt mixtures. In this context,
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for the two types of RVEs considered in this study, the percentage of particles present for
each sieve size is specified, following a NMAS of 12.5 mm (see Figure 4).

10 T T . T
I Polydisperse spheres

I Truncated cylinders

Smaller
sieve size

Percent retained

2 3 4 5 6 7 8 9 10 11 12 13
Particle diameter (mm)

Figure 4. Presentation of each inclusion size in the two selected RVEs.

The particle distribution shown in Figure 4 is used to generate gradation curves for
each RVE model. These curves were created by first calculating the percentage of particles
within the RVE that fall into the 1 mm size range. Particles smaller than 2.36 mm were
grouped and treated as homogenized mastic for simplicity, while discrete particles in the
range of 2.36-12.5 mm were considered individually [67,74]. Then, by multiplying the
percent passing value for each increment by its size, summing these values throughout
the range, and dividing by the overall percent passing for the range, the weighted average
particle size within each size range was determined.

As depicted in Figure 5, the gradation curve obtained for each RVE is then compared
against the 0.45 power maximum density gradation curve per the 12.5 mm size chart
specified in AASHTO M323 [75,76]. This 0.45 power curve represents the optimal gradation
for dense-graded asphalt mixes. This gradation curve was plotted based on the 0.45 power
law, which is generally applied for asphalt mixture designs to achieve optimum packing of
aggregates. The law calculates the percentage of aggregate passing through each sieve size
so that a well-graded asphalt mixture may be achieved. The X-axis of the plot shows the
particle sizes in mm, while the y-axis shows the percentage passing through the respective
sieves. The plot has included both the RVE gradation curve and the target 0.45 power
gradation curve for comparison. The gradation curve showed a good agreement with the
0.45 power target curve line across all particle sizes for polydisperse spherical inclusion
RVEs. Significantly, the truncated cylindrical inclusion RVE was also well-aligned with
the 0.45 power gradation curve and had weighted averages matching specified ranges. As
the gradation curves of both spherical and cylindrical inclusion RVE agreed well with the
target gradation curve, it can be concluded that these two groups of models are appropriate
for the representation of real asphalt mixture morphologies. Air voids were not explicitly
considered in this study but will be addressed in follow-up research. Air voids are known
to reduce the stiffness and strength of asphalt paving materials, and their impact will be an
important factor to be considered in subsequent studies [77-79].
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Figure 5. Gradation of RVE particle distribution based on 0.45 power gradation chart.

3.4. Optimal RVE Size Selection

To obtain effective elastic properties of heterogeneous asphalt materials using a homog-
enization approach, the RVE size should be sufficiently large relative to the aggregate size
yet small relative to the macroscopic dimensions of the pavement structure. We generated
a series of RVE models with side lengths ranging from 24 to 36 mm, in increments of 2 mm,
aligning with the NMAS used in our gradation chart. Moreover, for each RVE size, we
considered four volume fractions (0.4, 0.5, 0.6, and 0.7).

The optimal RVE size for each type was determined iteratively by increasing their
size until the computed effective elastic properties converged, while choosing appropriate
aggregate volume fractions that ensure the converged properties align with expected
values from the literature. Effective properties for asphalt, typically within 5-7 GPa for E,
1.5-2 GPa for G, and 0.30-0.35 for v at a standard reference temperature of 25 °C [80-83],
guided our selection. This method allowed us to identify the minimum RVE size necessary
to achieve statistically homogeneous and stable material property estimates that are close
to the expected values discussed above.

Figure 6 shows the convergence analysis of the homogenized elastic properties for
spherical and cylindrical RVEs, where the particle distributions are based on the 0.45 power
gradation chart. Based on these results and the selection criteria discussed above, the
recommended optimal RVE configurations are a 0.5 volume fraction with 32 mm size for
the polydisperse spherical RVE and 0.6 volume fraction with 34 mm size for the truncated
cylindrical RVE.

For the polydisperse spherical RVE with a 0.5 volume fraction and a 32 mm size, the
converged effective properties are E = 5.90 GPa (Young’s modulus), G = 1.82 GPa (shear
modulus), and v = 0.35 (Poisson’s ratio), all of which are within the ranges discussed above.
For the truncated cylindrical RVE with 0.6 volume fraction and a 34 mm size, the converged
properties are E = 6.11 GPa, G = 1.93 GPa, and v = 0.30, which are also within the
expected ranges. The convergence analysis of homogenized elastic properties shows that
the RVE size predictions chosen, 32 mm for spherical inclusions and 34 mm for cylindrical
inclusions, can ensure the obtainment of reliable mechanical performances, laying in the
expected range given in the literature [25-28]. The good accuracy of RVE-based models is
also ensured by the satisfactory match between the load-displacement curves obtained from
output of numerical simulations with those obtained from experimental test results [67]
and shown in the following section.
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Figure 6. Engineering constants for the two types of RVEs vs. RVE side length for various aggregate
volume fractions: (a) Young’s modulus, (b) Shear modulus, and (c) Poisson’s ratio.

4. Full-Scale Models

The optimal RVEs discussed in the previous section were used to create two high-
fidelity heterogenous models for an IDEAL-CT. The IDEAL-CT is conducted according
to the industry standards, specifically ASTM D8225 [84]. This test evaluates the cracking
potential of asphalt mixtures under Mode-I tensile stresses, which simulate the tensile
conditions experienced in the field.

The first model considers the optimal RVE with polydisperse spherical inclusions,
while the second one considers the optimal RVE with truncated cylindrical inclusions.
Unlike the earlier RVE models, which assume linear elastic material properties, these full-
scale models incorporate viscoelastic properties for the mastic phase and fracture behavior
defined through a cohesive zone model.

Appropriate viscoelastic and cohesive zone properties are defined for the mastic and
interfaces, respectively, based on a previous study [67]. Additionally, a mesh convergence
analysis is conducted to determine the optimal mesh size. The results from the full-scale
models are then compared against experimental results reported in [67]. This validation
step involves comparing the load-displacement responses obtained from the models with
those obtained experimentally for a range of loading rates. In the remainder of this section,
details of the full-scale models and the validated results are provided.
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4.1. Model Geometry

The IDEAL-CT test sample consists of a cylindrical specimen with a diameter of
150 mm and a thickness of 62 mm. Both full-scale models are created using ANSYS
workbench. Each model is created by replicating their respective optimal RVE in the x,
y, and z directions to fill the volume of the test sample (refer to Figure 7a—c). Given that
the optimal RVE size is different when considering polydisperse spherical inclusions or
truncated cylindrical inclusions, the number of RVEs occupying each model domain is
different for each RVE type. Once the RVEs are replicated, all elements outside the initial
cylindrical domain are removed from the model. Finally, for computational efficiency, only
half of the IDEAL-CT domains were modeled (refer to Figure 7d).

£ -RVEB B -

-
-

 fany

- RVE A -

I Sy |

Interface Conditions

Su ppo#s /
(c) (d)

Figure 7. Creation of IDEAL CT full-scale model: (a) replicating unit RVE to extend model domain
beyond 150 mm x 150 mm X 62 mm, (b) slicing cylindrical specimen from extended model domain,
(c) generated full scale models, and (d) applying boundary conditions.

Once the domains are generated, cohesive elements are inserted at the mid-plane of
the specimens (see Figure 7d) to simulate crack propagation throughout the entire specimen.
This was then implemented in the full-scale model validation (see Figure 8) to depict the
level of damage on the symmetry plane.
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Figure 8. Schematic illustration of a full-scale model depicting the level of damage on the symme-
try plane.

4.2. Material Modeling

For the full-scale models, the aggregates are modeled as elastic inclusions with a
Young’s modulus of 40,500 MPa and Poisson’s ratio equal to 0.2 [67]. The mastic phase,
which is comprised of the asphalt binder, filler content, and fine aggregates, is characterized
as a homogeneous viscoelastic material with an 11-term Prony series representation of the
relaxation modulus listed in Table 2. Exponential CZMs were used to model the interfaces
between aggregate and mastic to simulate fracture propagation at the symmetry plane of
the IDEAL-CT specimen.

Table 2. Prony series terms for binder relaxation modulus [67].

Term Relaxation Modulus Relaxation Time
i E; (MPa) T; (s)
o0 57.36
1 23.28 1.098 x 10°
2 34.56 2.307 x 104
3 64.32 1.056 x 10°
4 162.5 1.440 x 102
5 246.0 13
6 6082 1.05
7 4488 0.15
8 5947 0.016
9 6744 0.00029
0 5700 0.000026

The values of relaxation modulus and relaxation time used in this study were obtained
from data reported by Vasconcelos De Souza et al. [67] in their work on heterogeneous
viscoelastic asphaltic mixtures. In their study, to obtain the Prony series terms of the
binder’s relaxation modulus, frequency sweep tests were carried out in shear assuming a
constant Poisson’s ratio of 0.30. The tests were carried out for a large range of relaxation
times over the binder time-dependent viscoelastic behavior. This was used in the modeling
of the viscoelastic behavior of asphalt mastic within our numerical simulations so that the
relaxation properties exhibited by the binder are correctly captured for analysis.

The cohesive zone approach introduces interface elements that describe the progres-
sive separation of fracturing surfaces through a cohesive traction-separation law. The
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exponential cohesive zone model (CZM) is advantageous for modeling fracture in asphalt
materials exhibiting a gradual softening and damage accumulation ahead of the crack
tip [41,67,85]. The exponential CZM defined in ANSYS considers a potential function of
the form [86]:

¢(5ﬂr 51‘) = eo’nmaxg’1 {1 o (1 + Aﬂ)eiAn87A%} g (1)

where 8, is the characteristic normal separation corresponding to the maximum normal
traction, oy, and A, = 6,/ 6, and A; = 8;/9; are, respectively, the normalized normal
and tangential crack opening displacements, which are expressed in terms of the normal
separation, J,;, and tangential separation, é;. The normal and tangential cohesive tractions
are obtained from the potential function in Equation (1). Specifically, the normal traction is
given by Equation (2)

Ty = ey Ane ™2 e‘Atz, )

where 0y, is the maximum normal traction, and the shear traction is given by Equation (3)
T, = 2e0;, 01 —Bu =t}
= eatmxg—At(l + Ay)e B, 3)
t

where 03, is the maximum tangential traction. The fracture energy in mode I is expressed
in Equation (4)
Pn = €0npaOn, 4)

and the fracture energy in mode II is expressed as presented in Equation (5)

¢t = Ve/2 01,6, ®)
For both full-scale models, we considered oy,,,, = 0t,,, = 1.32 MPa and ¢, =
¢ = 960.7 J/m?2. These values were selected based on reasonable tensile and normal

stress values found in the literature for asphalt mixtures subjected to tensile loading. This
fracture energy value reflects the energy required to propagate a crack per unit area in the
modeled asphalt mixture [87-89].

As outlined in our current study, the next phase of research will involve the applica-
tion of homogenization techniques to translate the mesoscale behaviors observed in our
Representative Volume Element (RVE) models into effective macroscale thermomechanical
properties. This transition is crucial for accurately simulating the behavior of asphalt
pavements under real-world conditions, where both thermal and mechanical loads play
critical roles.

4.3. Mesh Convergence Analysis

To ensure the accuracy of our numerical solutions, we conducted a mesh convergence
analysis for both full-scale models. As shown in Figure 9, we assessed convergence of the
numerical results by monitoring the predicted peak load and maximum displacement as
a function of the average element size. This analysis was conducted for both full-scale
models by monitoring the predicted peak load and maximum displacement as a function
of the element size. For each response parameter, the value from the coarsest mesh (3.5 mm
element size) was set as the baseline, and we gradually refined the mesh to assess the
variations in the response parameters. Coarse, medium, and fine convergence criteria of
10-15% and 2-3% normalized variation for peak load and maximum displacement from the
baseline, respectively, were established based on recommendations in the literature [90-93].
Initial coarse meshes showed a more than 12% difference in peak load between the 3.5 mm
and 2.5 mm elements, reducing below 8% when refined to 1.5 mm elements. Further
refinement to 1.25 mm, 1 mm, and 0.5 mm resulted in less than 3% variation, indicating
convergence as per the criteria. The optimized mesh size of 1.25 mm was then implemented
in the full-scale model validation.
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Figure 9. Element size in relation to peak load and maximum displacement.

4.4. Validation and Experimental Considerations

This section deals with the validation of the full-scale models presented previously
and provides numerical results. These numerical results were validated by comparing
them with experimental results provided in Vasconcelos de Souza et al. [67] and Soares
et al. [68]. Proprietary testing was carried out in laboratory-controlled conditions on asphalt
mixtures with a nominal maximum aggregate size of 12.5 mm at various displacement
rates, 0.8 mm/s, 1.6 mm/s, and 3.2 mm/s, recording the corresponding load-displacement
curves. These experimental data provided a direct comparison to the numerical simulation
results and ensured that the rate-dependent fracture behavior of the asphalt mixture was
captured by the model. Figure 10 presents stress and deformation contours extracted from
the finite element models. These results provide the areas of high stress and can be used to
gain an understanding of how cracks initiate and propagate. As shown by the results in
Figure 10a—c, the load-displacement responses predicted by both full-scale models (i.e., the
one using polydisperse spherical inclusions and the one using truncated cylindrical inclu-
sion) are in reasonable agreement with the experimental results. In Figure 10d, the contour
plots illustrate the total deformation (in mm) at the peak load for each of the displacement
rates. The contour plots clearly depict the areas of large deformation, particularly around
the midplane of the specimens, which become more pronounced as the displacement
rate decreases.

In addition to qualitatively comparing the load-displacement curves at different load-
ing rates, we provide a quantitative assessment of the predictive capabilities of each
full-scale model. To do so, we computed the root mean squared error (RMSE) for each
model and for each loading rate. The computed RMSE values for each model are shown
in Figure 11. As shown in the figure, for the spherical inclusions model, the RMSE values
generally increased as the loading rate increased, demonstrating the reduced accuracy at
higher loading rates. This trend is also observed for the truncated cylinder model, though
the RMSEs were consistently lower in these models, indicating an improved fit to the
experimental results.

The results discussed above indicate that the full-scale models, built using the optimal
RVEs obtained in Section 3, are adequate to predict the behavior of the IDEAL-CT tests
under various displacement rates. However, it is important to note that the current models
with the assumed RVE sizes may be inadequate to model the behavior of IDEAL-CT tests at
different temperatures. This is because the optimal RVE size may be different for different
temperatures since the Young’s modulus of the mastic is temperature dependent. This
observation points to the need for further studies investigating the optimal RVE size for
heterogeneous asphalt mixtures at different temperatures, which can enable the creation



Materials 2024, 17, 5041

15 of 20

of reliable full-scale models for heterogeneous asphalt modeling. Besides the possibility
of temperature-dependent RVE sizes, heterogeneous fracture modeling at various tem-
peratures may require more sophisticated cohesive zone models that can capture rate-
and temperature-dependent fracture behavior. Our previous work has investigated rate-
dependent cohesive-zone models [94,95] and can be used as a basis for future modeling

efforts in this area.
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Figure 10. Numerical simulation vs. experiment for load-displacement relation at different loading
rates: (a) 0.8 mm/s, (b) 1.6 mm/s, (c) 3.2 mm/s, and (d) total deformation (in mm) at the peak load
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5. Conclusions

The main objective of this study was to develop a multi-scale modeling framework for
characterizing microstructure-performance relationships in asphalt pavement materials.
An RVE-based approach was adopted by combining micromechanical homogenization
and full-scale modeling. At the micro-scale, optimal RVE sizes were identified through a
size-convergence analysis. Convergence analysis was assessed by considering different
inclusion shapes and volume fractions. The first type of RVE considered polydisperse
spherical inclusions whereas the second type considered truncated cylindrical inclusions.
The inclusion size distribution for each RVE type was selected to agree with target grada-
tion curves from AASHTO. The results from the size convergence analysis showed that
the minimum RVE size for spherical inclusions was 32 mm, whereas that for truncated
cylindrical inclusions, the size was 34 mm. The converged RVE sizes were obtained by
analyzing the convergence of the effective elastic properties of the asphalt composite.

Upon determining the optimal sizes of the two types of RVEs, we created two full-scale,
heterogeneous models for an IDEAL-CT test. The first model considered polydisperse
spherical inclusions whereas the second considered truncated cylindrical inclusions. The
heterogeneous models were created by replicating the optimal RVEs in the three special
dimensions and performing a Boolean operator whereas elements outside the IDEAL-CT
specimen geometry were removed. Unlike the RVE size convergence study, the full-scale
models considered material nonlinearities and fracture. The models consisted of aggregates
(either spherical or cylindrical), mastic, and interfaces. The aggregates were modeled as
linear elastic materials whereas the mastic was modeled by using a viscoelastic material
model. To simulate fracture evolution, we inserted cohesive elements at the interface
between aggregates and mastic and at the mid-plane of the specimen geometry, where
cracks are expected to propagate. The numerical results from the full-scale models were
compared against experimental results obtained from the literature, providing a means of
validating our multi-scale modeling approach.

While the current model focused on the mechanical behavior of asphalt mixtures
without considering variations in chemical composition, future work will explore how
changes in binder type, aggregate content, and additives may influence the viscoelastic
properties. Similarly, variations in aggregate gradation can impact the load distribution
and damage evolution within the material.

The key findings from the study are listed as follows:

1.  From the sensitivity analyses, it was concluded that polydisperse spherical and trun-
cated cylindrical RVEs are valid representations of asphalt mixture microstructure at
minimum sizes of 32 mm and 34 mm, which fall within the typical range of 20 mm to
60 mm found in the literature.

2. Full-scale, heterogeneous IDEAL-CT finite element models were developed that
accurately represented specimen geometry, material phasing, and test characteristics
for relevant loading rate effects.

3. Simulations of experimental monotonic fracture tests confirmed the effectiveness
of truncating cylindrical inclusion modeling, based on the proposed RVE-based
multi-scale approach, to adequately capture the overall behavior, as compared with
polydisperse spherical inclusion modeling.

4. The cylindrical inclusion model was found to be slightly more computationally effi-
cient over the spherical inclusion model, which was based on the computed RMSE in
terms of predicted vs. modeled load-deflection curves.

5. The proposed multi-scale modeling framework could link microstructure-performance
and allow for virtual characterization through full-scale analyses, establishing a foun-
dation for prediction and evaluation of full-scale composite system designs.

6. Potential future work could involve including temperature and moisture effects
along with considering the addition of recycled materials as a third phase for better
understanding of the effect of varying environmental conditions on durability and
fracture behavior of asphalt mixtures.



Materials 2024, 17, 5041 17 of 20

Author Contributions: Conceptualization, O.G.-L., B.D., Z.C. and W.G.B.; Methodology, A.LH.M.,
Z.C.,PR. and W.G.B,; Software, A.LH.M.; Validation, A.ILH.M.; Formal analysis, W.G.B.; Resources,
B.D.; Data curation, O.G.-L., PR. and W.G.B.; Writing—original draft, A.LLH.M.; Writing—review &
editing, ALHM., O.G.-L., Z.C., PR. and W.G.B.; Visualization, A.I.LH.M.; Supervision, O.G.-L., B.D.,
Z.C. and W.G.B. All authors have read and agreed to the published version of the manuscript.

Funding: The authors are grateful for the financial support provided by the Department of Civil and
Environmental Engineering at the University of Missouri. O.G-L., W.G.B., and P.R. are grateful for
the endowments provided by the James W. and Joan M. O’'Neill Faculty Scholar in Engineering and
the Glen Barton Faculty Chair in Flexible Pavement Systems at the University of Missouri.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest. The findings and opinions expressed
in this study solely represent those of the authors and do not necessarily reflect the views of sponsors
or sponsoring agencies.

References

1.  Cucalon, L.G.; Rahmani, E.; Little, D.N.; Allen, D.H. A multiscale model for predicting the viscoelastic properties of asphalt
concrete. Mech. Time Depend. Mater. 2016, 20, 325-342. [CrossRef]

2. Souza, EV,; Allen, D.H. Multiscale modeling of impact on heterogeneous viscoelastic solids containing evolving microcracks. Int.
J. Numer. Methods Eng. 2009, 82, 464-504. [CrossRef]

3. Teixeira, ].E.S.L.; Kim, Y.-R.; Souza, EV.; Allen, D.H.; Little, D.N. Multiscale model for asphalt mixtures subjected to cracking and
viscoelastic deformation. Transp. Res. Rec. ]. Transp. Res. Board 2014, 2447, 136-145. [CrossRef]

4. Nie, F; Chow, C.L,; Lau, D. A Review on Multiscale Modeling of Asphalt: Development and Applications. Multiscale Sci. Eng.
2022, 4, 10-27. [CrossRef]

5. Sun, Y.; Zhang, Z.; Gong, H.; Zhou, C.; Chen, J.; Huang, B. 3D Multiscale Modeling of Asphalt Pavement Responses under
Coupled Temperature-Stress Fields. . Eng. Mech. 2022, 148, 04022010. [CrossRef]

6. Tan, Z.; Yang, B.; Leng, Z.; Jelagin, D.; Cao, P; Li, R.; Zou, F. Multiscale characterization and modeling of aggregate contact effects
on asphalt concrete’s tension—compression asymmetry. Mater. Des. 2023, 232, 112092. [CrossRef]

7. Nemat-Nasser, S.; Lori, M.; Datta, S.K. Micromechanics: Overall Properties of Heterogeneous Materials. J. Appl. Mech. 1996,
63, 561. [CrossRef]

8. Zaoui, A. Continuum Micromechanics: Survey. J. Eng. Mech. 2002, 128, 808-816. [CrossRef]

9.  Bhattacharya, P; Li, Q.; Lacroix, D.; Kadirkamanathan, V.; Viceconti, M. A systematic approach to the scale separation problem in
the development of multiscale models. PLoS ONE 2021, 16, €0251297. [CrossRef]

10. Hill, R. Elastic properties of reinforced solids: Some theoretical principles. J. Mech. Phys. Solids 1963, 11, 357-372. [CrossRef]

11.  Benseddiq, N.; Belayachi, N.; Abdelaziz, M.N. Multiscale approach to the behaviour and damage of the heterogeneous elastic—
viscoplastic materials. Theor. Appl. Fract. Mech. 2006, 46, 15-25. [CrossRef]

12.  Key, C.T,; Lua, ]. Constituent based analysis of composite materials subjected to fire conditions. Compos. Part A Appl. Sci. Manuf.
2006, 37, 1005-1014. [CrossRef]

13. Geers, M.; Kouznetsova, V.; Brekelmans, W. Multi-scale computational homogenization: Trends and challenges. |. Comput. Appl.
Math. 2010, 234, 2175-2182. [CrossRef]

14. Kanit, T,; Forest, S.; Galliet, I.; Mounoury, V.; Jeulin, D. Determination of the size of the representative volume element for random
composites: Statistical and numerical approach. Int. J. Solids Struct. 2003, 40, 3647-3679. [CrossRef]

15. Wang, W.; Wang, L. Review on Design, Characterization, and Prediction of Performance for Asphalt Materials and Asphalt
Pavement Using Multi-Scale Numerical Simulation. Materials 2024, 17, 778. [CrossRef]

16. Hershey, A.V. The Elasticity of an Isotropic Aggregate of Anisotropic Cubic Crystals. J. Appl. Mech. 1954, 21, 236-240. [CrossRef]

17.  Qayyum, E; Chaudhry, A.A,; Guk, S.; Schmidtchen, M.; Kawalla, R.; Prahl, U. Effect of 3D representative volume element
(RVE) thickness on stress and strain partitioning in crystal plasticity simulations of multi-phase materials. Crystals 2020, 10, 944.
[CrossRef]

18. Huang, G.; Zhang, J.; Hui, B.; Zhang, H.; Guan, Y.; Guo, F; Li, Y,; He, Y.; Wang, D. Analysis of Modulus Properties of
High-Modulus Asphalt Mixture and Its New Evaluation Index of Rutting Resistance. Sustainability 2023, 15, 7574. [CrossRef]

19. Ferretti, P; Santi, G.M.; Leon-Cardenas, C.; Fusari, E.; Donnici, G.; Frizziero, L. Representative volume element (RVE) analysis for
mechanical characterization of fused deposition modeled components. Polymers 2021, 13, 3555. [CrossRef]

20. Wei, X,; Sun, Y;; Gong, H.; Li, Y.; Chen, J. 3D Mesomechanical Simulation-Based Approach to Determining Representative Volume

Element of Asphalt Concrete. J. Transp. Eng. Part B Pavements 2024, 150, 04024001. [CrossRef]


https://doi.org/10.1007/s11043-016-9303-2
https://doi.org/10.1002/nme.2773
https://doi.org/10.3141/2447-15
https://doi.org/10.1007/s42493-022-00076-x
https://doi.org/10.1061/(ASCE)EM.1943-7889.0002089
https://doi.org/10.1016/j.matdes.2023.112092
https://doi.org/10.1115/1.2788912
https://doi.org/10.1061/(ASCE)0733-9399(2002)128:8(808)
https://doi.org/10.1371/journal.pone.0251297
https://doi.org/10.1016/0022-5096(63)90036-X
https://doi.org/10.1016/j.tafmec.2006.05.001
https://doi.org/10.1016/j.compositesa.2005.03.022
https://doi.org/10.1016/j.cam.2009.08.077
https://doi.org/10.1016/S0020-7683(03)00143-4
https://doi.org/10.3390/ma17040778
https://doi.org/10.1115/1.4010899
https://doi.org/10.3390/cryst10100944
https://doi.org/10.3390/su15097574
https://doi.org/10.3390/polym13203555
https://doi.org/10.1061/JPEODX.PVENG-1396

Materials 2024, 17,5041 18 of 20

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.
48.

49.

50.

Kim, Y.-R,; Lutif, J.E.S.; Allen, D.H. Determining representative volume elements of asphalt concrete mixtures without damage.
Transp. Res. Rec. ]. Transp. Res. Board 2009, 2127, 52-59. [CrossRef]

Kim, Y,; Lee, J.; Lutif, J.E.S. Geometrical evaluation and experimental verification to determine representative volume elements of
heterogeneous asphalt mixtures. J. Test. Eval. 2010, 38, 660—-666. [CrossRef]

El Moumen, A.; Kanit, T.; Imad, A. Numerical evaluation of the representative volume element for random composites. Eur. J.
Mech.-A/Solids 2021, 86, 104181. [CrossRef]

Pelissou, C.; Baccou, J.; Monerie, Y.; Perales, F. Determination of the size of the representative volume element for random
quasi-brittle composites. Int. |. Solids Struct. 2009, 46, 2842-2855. [CrossRef]

Romero, P.; Masad, E. Relationship between the Representative Volume Element and Mechanical Properties of Asphalt Concrete.
J. Mater. Civ. Eng. 2001, 13, 77-84. [CrossRef]

Coleri, E.; Harvey, ].T. Analysis of Representative Volume Element for Asphalt Concrete Laboratory Shear Testing. J. Mater. Civ.
Eng. 2011, 23, 1642-1653. [CrossRef]

Casillas, S.E.; Morales, A.M.; Braham, A.F. Evaluating aggregate size effects on dynamic modulus using gray scale analysis. In
Asphalt Paving Technology: Association of Asphalt Paving Technologists-Proceedings of the Technical Sessions; DEStech Publications, Inc.:
Lancaster, PA, USA, 2019.

Despringre, N.; Chemisky, Y.; Bonnay, K.; Meraghni, F. Micromechanical modeling of damage and load transfer in particulate
composites with partially debonded interface. Compos. Struct. 2016, 155, 77-88. [CrossRef]

Marasteanu, M.; Falchetto, A.C.; Velasquez, R.; Le, J.-L. On the representative volume element of asphalt concrete at low
temperature. Mech. Time Depend. Mater. 2016, 20, 343-366. [CrossRef]

Liu, P; Hu, ].; Wang, D.; Oeser, M.; Alber, S.; Ressel, W.; Falla, G.C. Modelling and evaluation of aggregate morphology on asphalt
compression behavior. Constr. Build. Mater. 2017, 133, 196-208. [CrossRef]

Szydtowski, C.; Gorski, J.; Stienss, M.; Smakosz, L. Numerical simulation of asphalt mixtures fracture using continuum models.
AIP Conf. Proc. 2018, 1922, 130012. [CrossRef]

Fadil, H.; Jelagin, D.; Larsson, P.-L.; Partl, M.N. Measurement of the viscoelastic properties of asphalt mortar and its components
with indentation tests. Road Mater. Pavement Des. 2019, 20, S797-S811. [CrossRef]

Li, H.,; Luo, X.; Zhang, Y. Predicting fatigue crack growth rate of cement-based and asphalt paving materials based on indirect
tensile cyclic loading tests. Eng. Fract. Mech. 2024, 303, 110146. [CrossRef]

Li, H.; Luo, X.; Gu, Z.; Chen, Q.; Zhang, Y. Predicting crack growth of paving materials under indirect tensile fatigue loads. Int. .
Fatigue 2023, 175, 107818. [CrossRef]

Ghuzlan, K.A.; Al-Khateeb, G.G.; Sharo, A.A.; Shwaikeh, M.E. Viscoelastic-based finite element rutting predictive models for
asphalt pavements. Emergent Mater. 2023, 6, 337-354. [CrossRef]

Masad, E.; Scarpas, A.; Rajagopal, K.R.; Kassem, E.; Koneru, S.; Kasbergen, C. Finite element modelling of field compaction of hot
mix asphalt. Part II: Applications. Int. |. Pavement Eng. 2013, 17, 24-38. [CrossRef]

Kim, M.; Tutumluer, E.; Kwon, J. Nonlinear Pavement Foundation Modeling for Three-Dimensional Finite-Element Analysis of
Flexible Pavements. Int. ]. Géoméch. 2009, 9, 195-208. [CrossRef]

Eghbalpoor, R.; Baghani, M.; Shahsavari, H. An implicit finite element framework considering damage and healing effects with
application to cyclic moving load on asphalt pavement. Appl. Math. Model. 2019, 70, 139-151. [CrossRef]

Luo, Y. An Accuracy Comparison of Micromechanics Models of Particulate Composites against Microstructure-Free Finite
Element Modeling. Materials 2022, 15, 4021. [CrossRef]

Luo, Y. Microstructure-Free Finite Element Modeling for Elasticity Characterization and Design of Fine-Particulate Composites.
J. Compos. Sci. 2022, 6, 35. [CrossRef]

Chen, J.; Ouyang, X.; Sun, X. Numerical Investigation of Asphalt Concrete Fracture Based on Heterogeneous Structure and
Cohesive Zone Model. Appl. Sci. 2022, 12, 11150. [CrossRef]

Leng, Z.; Tan, Z.; Cao, P.; Zhang, Y. An efficient model for predicting the dynamic performance of fine aggregate matrix. Comput.
Civ. Infrastruct. Eng. 2021, 36, 1467-1479. [CrossRef]

Affdl, ].C.H.; Kardos, ].L. The Halpin-Tsai equations: A review. Polym. Eng. Sci. 1976, 16, 344-352. [CrossRef]

Saeb, S.; Steinmann, P.; Javili, A. Aspects of computational homogenization at finite deformations: A unifying review from Reuss’
to Voigt’s bound. Appl. Mech. Rev. 2016, 68, 050801. [CrossRef]

Reuss, A. Berechnung der Fliefigrenze von Mischkristallen auf Grund der Plastizitdtsbedingung fiir Einkristalle. Zamm-]. Appl.
Math. Mech./Z. Fiir Angew. Math. Und Mech. 1929, 9, 49-58. [CrossRef]

Ghafaar, M.A.; Mazen, A.A.; El-Mahallawy, N.A. Application of the rule of mixtures and Halpin-Tsai equations to woven fabric
reinforced epoxy composites. JES J. Eng. Sci. 2006, 34, 227-236. [CrossRef]

Hashin, Z.; Rosen, B.W. The elastic moduli of fiber-reinforced materials. J. Appl. Mech. 1964, 31, 223-232. [CrossRef]

Michel, J.; Moulinec, H.; Suquet, P. Effective properties of composite materials with periodic microstructure: A computational
approach. Comput. Methods Appl. Mech. Eng. 1999, 172, 109-143. [CrossRef]

Younes, R.; Hallal, A.; Fardoun, F.; Hajj, F. Comparative Review Study on Elastic Properties Modeling for Unidirectional
Composite Materials. In Composites and Their Properties; IntechOpen: London, UK, 2012. [CrossRef]

Otero, F; Oller, S.; Martinez, X.; Salomén, O. Numerical homogenization for composite materials analysis. Comparison with
other micro mechanical formulations. Compos. Struct. 2015, 122, 405-416. [CrossRef]


https://doi.org/10.3141/2127-07
https://doi.org/10.1520/JTE102674
https://doi.org/10.1016/j.euromechsol.2020.104181
https://doi.org/10.1016/j.ijsolstr.2009.03.015
https://doi.org/10.1061/(ASCE)0899-1561(2001)13:1(77)
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000344
https://doi.org/10.1016/j.compstruct.2016.06.075
https://doi.org/10.1007/s11043-016-9302-3
https://doi.org/10.1016/j.conbuildmat.2016.12.041
https://doi.org/10.1063/1.5019142
https://doi.org/10.1080/14680629.2019.1628434
https://doi.org/10.1016/j.engfracmech.2024.110146
https://doi.org/10.1016/j.ijfatigue.2023.107818
https://doi.org/10.1007/s42247-022-00435-2
https://doi.org/10.1080/10298436.2013.863310
https://doi.org/10.1061/(ASCE)1532-3641(2009)9:5(195)
https://doi.org/10.1016/j.apm.2019.01.021
https://doi.org/10.3390/ma15114021
https://doi.org/10.3390/jcs6020035
https://doi.org/10.3390/app122111150
https://doi.org/10.1111/mice.12706
https://doi.org/10.1002/pen.760160512
https://doi.org/10.1115/1.4034024
https://doi.org/10.1002/zamm.19290090104
https://doi.org/10.21608/jesaun.2006.110251
https://doi.org/10.1115/1.3629590
https://doi.org/10.1016/S0045-7825(98)00227-8
https://doi.org/10.5772/50362
https://doi.org/10.1016/j.compstruct.2014.11.041

Materials 2024, 17, 5041 19 of 20

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.
61.

62.

63.

64.
65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Sangani, A.S.; Mo, G. Elastic interactions in particulate composites with perfect as well as imperfect interfaces. . Mech. Phys.
Solids 1997, 45, 2001-2031. [CrossRef]

Segurado, J.; Llorca, J. A numerical approximation to the elastic properties of sphere-reinforced composites. . Mech. Phys. Solids
2002, 50, 2107-2121. [CrossRef]

Tanemura, M. Random packing and random tessellation in relation to the dimension of space. J. Microsc. 1988, 151, 247-255.
[CrossRef]

Ansys Inc. Corporate Philanthropy Report 38; Wiley: Hoboken, NJ, USA, 2023; Volume 38. [CrossRef]

Srivastava, V.K.; Gabbert, U.; Berger, H. Representative volume element analysis for the evaluation of effective material properties
of fiber and particle loaded composites with different shaped inclusions. In Mechanics of Time-Dependent Materials and Processes in
Conventional and Multifunctional Materials; Conference Proceedings of the Society for Experimental Mechanics Series; Springer:
New York, NY, USA, 2011. [CrossRef]

Berger, H.; Kari, S.; Gabbert, U.; Rodriguez-Ramos, R.; Bravo-Castillero, ].; Guinovart-Diaz, R. Calculation of effective coefficients
for piezoelectric fiber composites based on a general numerical homogenization technique. Compos. Struct. 2005, 71, 397-400.
[CrossRef]

Berger, H.; Kari, S.; Gabbert, U.; Rodriguez-Ramos, R.; Bravo-Castillero, J.; Guinovart-Diaz, R.; Sabina, FJ.; Maugin, G.A. Unit cell
models of piezoelectric fiber composites for numerical and analytical calculation of effective properties. Smart Mater. Struct. 2006,
15, 451-458. [CrossRef]

Mali, R.; Pise, U. Modeling elastic properties of biocomposites using various analytical models and ansys material designer. Mater.
Today Proc. 2023, 72, 1372-1378. [CrossRef]

Bin Rayhan, S.; Rahman, M. Modeling elastic properties of unidirectional composite materials using ansys material designer.
Procedia Struct. Integr. 2020, 28, 1892-1900. [CrossRef]

ANSYS Inc. Material Designer User’s Guide; ANSYS: Canonsburg, PA, USA, 2023.

Ye, Y.; Cai, Y.Z. Laboratory investigate of the effect of fine aggregates on asphalt mixture materials. Adv. Mater. Res. 2011, 225,
577-580. [CrossRef]

Zhu, Z.R.; Ye, Y. Performance investigate of fine aggregate size and content on asphalt mastic. Adv. Mater. Res. 2012, 424, 7-10.
[CrossRef]

Ye, Y.; Chen, HK,; Cai, Y.Z. The effect of coarse aggregate gradation degradation on the mechanical behavior of asphalt mixture.
Adv. Mater. Res. 2013, 811, 223-227. [CrossRef]

Maceri, A. Theory of Elasticity; Springer Nature: Dordrecht, The Netherlands, 2010. [CrossRef]

Mercier, ].P.; Zambelli, G.; Kurz, W. Elastic behaviour of solids. In Introduction to Materials Science; Elsevier: Amsterdam, The
Netherlands, 2002; pp. 121-150. [CrossRef]

ANSYS Inc. ANSYS Workbench User’s Guide; ANSYS: Canonsburg, PA, USA, 2023; Volume 15317, pp. 724-746.

de Souza, F.V,; Soares, ].B.; Allen, D.H.; Evangelista, F. Model for predicting damage evolution in heterogeneous viscoelastic
asphaltic mixtures. Transp. Res. Rec. ]. Transp. Res. Board 2004, 1891, 131-139. [CrossRef]

Soares, ].B.; Allen, D.H. Crack modeling of asphaltic mixtures considering heterogeneity of the material. In Proceedings of the
TRB 2003 Annual Meeting, Washington, DC, USA, 12-16 January 2003.

Allen, D.; Jones, R.; Boyd, ]. Micromechanical analysis of a continuous fiber metal matrix composite including the effects of matrix
viscoplasticity and evolving damage. J. Mech. Phys. Solids 1994, 42, 505-529. [CrossRef]

Soares, J.B.; de Freitas, EA.C.; Allen, D.H. Considering Material Heterogeneity in Crack Modeling of Asphaltic Mixtures. Transp.
Res. Rec. ]. Transp. Res. Board 2003, 1832, 113-120. [CrossRef]

Schneider, M.; Josien, M.; Otto, F. Representative volume elements for matrix-inclusion composites—A computational study on
the effects of an improper treatment of particles intersecting the boundary and the benefits of periodizing the ensemble. J. Mech.
Phys. Solids 2022, 158, 104652. [CrossRef]

Meakin, P; Jullien, R. Random sequential adsorption of spheres of different sizes. Phys. A Stat. Mech. Its Appl. 1992, 187, 475-488.
[CrossRef]

Hershey, A.V.; Cooper, D.W,; Gitman, I.M.; Askes, H.; Sluys, L.J.; Valls, O.L.; Pelissou, C.; Baccou, J.; Monerie, Y.; Perales, F,;
et al. Numerical evaluation of the representative volume element for random composites. Constr. Build Mater 2021, 20, 75-86.
[CrossRef]

Kim, H.; Buttlar, W.G. Discrete fracture modeling of asphalt concrete. Int. ]. Solids Struct. 2009, 46, 2593-2604. [CrossRef]
AASHTO MP19-10; Standard Specification for Performance-Graded Asphalt Binder Using Multiple Stress Creep Recovery (Mscr)
Test. AASHTO: Washington, DC, USA, 2010.

AASHTO M 332-14; Standard Specification for Performance-Graded Asphalt Binder Using Multiple Stress Creep Recovery
(MSCR) Test. AASHTO: Washington, DC, USA, 2018.

Kim, M.; Buttlar, W.G. Stiffening Mechanisms of Asphalt-Aggregate Mixtures. Transp. Res. Rec. J. Transp. Res. Board 2010, 2181,
98-108. [CrossRef]

Kim, M.; Buttlar, W.G. Differential Scheme Effective Medium Theory for Hot-Mix Asphalt | E*| Prediction. J. Mater. Civ. Eng.
2011, 23, 69-78. [CrossRef]

Kim, M. Development of Differential Scheme Micromechanics Modeling Framework for Predictions of Hot-Mix Asphalt (HMA) Complex
Modulus and Experimental Validations; University of Illinois at Urbana-Champaign: Champaign, IL, USA, 2009.


https://doi.org/10.1016/S0022-5096(97)00025-2
https://doi.org/10.1016/S0022-5096(02)00021-2
https://doi.org/10.1111/j.1365-2818.1988.tb04685.x
https://doi.org/10.1002/cprt.31503
https://doi.org/10.1007/978-1-4614-0213-8_27
https://doi.org/10.1016/j.compstruct.2005.09.038
https://doi.org/10.1088/0964-1726/15/2/026
https://doi.org/10.1016/j.matpr.2022.09.334
https://doi.org/10.1016/j.prostr.2020.11.012
https://doi.org/10.4028/www.scientific.net/AMR.225-226.577
https://doi.org/10.4028/www.scientific.net/AMR.424-425.7
https://doi.org/10.4028/www.scientific.net/AMR.811.223
https://doi.org/10.1007/978-3-642-11392-5
https://doi.org/10.1016/B978-2-84299-286-6.50012-3
https://doi.org/10.3141/1891-16
https://doi.org/10.1016/0022-5096(94)90029-9
https://doi.org/10.3141/1832-14
https://doi.org/10.1016/j.jmps.2021.104652
https://doi.org/10.1016/0378-4371(92)90006-C
https://doi.org/10.1007/978-94-011-6456-6_20
https://doi.org/10.1016/j.ijsolstr.2009.02.006
https://doi.org/10.3141/2181-11
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000023

Materials 2024, 17,5041 20 of 20

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Mabher, A.; Bennert, T. Evaluation of Poisson’s Ratio for Use in the Mechanistic Empirical Pavement Design Guide; Rutgerds: New
Brunswick, NJ, USA, 2008.

Brown, S.F. Determination of young’s modulus for bituminous materials in pavement design. In Proceedings of the 52nd Annual
Meeting of the Highway Research Board, Washington, DC, USA, 22-26 January 1973; pp. 38—-49.

Wang, X.; Feng, J.; Wang, H. Stress Analysis of Asphalt Concrete Deck Pavement on Steel Bridge based on Burgers Model and
interlayer contact. In Proceedings of the 2017 6th International Conference on Energy and Environmental Protection (ICEEP
2017), Shanghai, China, 23-24 April 2017. [CrossRef]

Cai, X.; Chen, L.; Zhang, R.; Huang, W.; Wu, K,; Ye, X. Estimation of shear modulus of asphalt mixture based on the shear strength
of the aggregate interface. Constr. Build. Mater. 2020, 248, 118695. [CrossRef]

ASTM D8225-19; Determination of Cracking Tolerance Index of Asphalt Mixture Using the Indirect Tensile Cracking Test at
Intermediate Temperature. ASTM: West Conshohocken, PA, USA, 2019.

Park, K.; Paulino, G.H. Cohesive zone models: A critical review of traction-separation relationships across fracture surfaces. Appl.
Mech. Rev. 2011, 64, 060802. [CrossRef]

Cerrone, A.; Wawrzynek, P.; Nonn, A.; Paulino, G.H.; Ingraffea, A. Implementation and verification of the Park-Paulino—Roesler
cohesive zone model in 3D. Eng. Fract. Mech. 2014, 120, 26-42. [CrossRef]

Shi, X.; Mirsayar, M.; Mukhopadhyay, A.; Zollinger, D. Characterization of two-parameter fracture properties of portland cement
concrete containing reclaimed asphalt pavement aggregates by semicircular bending specimens. Cem. Concr. Compos. 2019, 95,
56-69. [CrossRef]

Tekalur, S.A.; Shukla, A.; Sadd, M.; Lee, K.W. Mechanical characterization of a bituminous mix under quasi-static and high-strain
rate loading. Constr. Build. Mater. 2008, 23, 1795-1802. [CrossRef]

Amirdehi, H.R.F,; Ghoreishi, SM.N.; Aliha, M.R.M.; Hesami, S.; Haghighatpour, P.J.; Choupani, N. On comparison of fracture
energy measured for six hot mix asphalt composite mixtures using force-load line displacement and force-crack mouth opening
displacement curves at intermediate temperatures and different loading rates. Fatigue Fract. Eng. Mater. Struct. 2024, 47,
3858-3873. [CrossRef]

Zienkiewicz, O.C.; Zhu, J.Z. The superconvergent patch recovery and a posteriori error estimates. Part 1: The recovery technique.
Int. ]. Numer. Methods Eng. 1992, 33, 1331-1364. [CrossRef]

Wiberg, N.; Li, X.D. Superconvergent patch recovery of finite-element solution and a posteriori Ly norm error estimate. Commun.
Numer. Methods Eng. 1994, 10, 313-320. [CrossRef]

Patil, H.; Jeyakarthikeyan, P.V. Mesh convergence study and estimation of discretization error of hub in clutch disc with integration
of ANSYS. IOP Conf. Ser. Mater. Sci. Eng. 2018, 402, 012065. [CrossRef]

Alfano, G.; Crisfield, M. A. Finite element interface models for the delamination analysis of laminated composites: Mechanical
and computational issues. Int. . Numer. Methods Eng. 2001, 50, 1701-1736. [CrossRef]

Giraldo-Londofio, O.; Spring, D.W.; Paulino, G.H.; Buttlar, W.G. An efficient mixed-mode rate-dependent cohesive fracture model
using sigmoidal functions. Eng. Fract. Mech. 2018, 192, 307-327. [CrossRef]

Giraldo-Londofio, O.; Paulino, G.H.; Buttlar, W.G. Fractional calculus derivation of a rate-dependent PPR-based cohesive fracture
model: Theory, implementation, and numerical results. Int. J. Fract. 2019, 216, 1-29. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.2991/iceep-17.2017.12
https://doi.org/10.1016/j.conbuildmat.2020.118695
https://doi.org/10.1115/1.4023110
https://doi.org/10.1016/j.engfracmech.2014.03.010
https://doi.org/10.1016/j.cemconcomp.2018.10.013
https://doi.org/10.1016/j.conbuildmat.2008.09.021
https://doi.org/10.1111/ffe.14398
https://doi.org/10.1002/nme.1620330702
https://doi.org/10.1002/cnm.1640100406
https://doi.org/10.1088/1757-899X/402/1/012065
https://doi.org/10.1002/nme.93
https://doi.org/10.1016/j.engfracmech.2017.12.016
https://doi.org/10.1007/s10704-018-00334-w

	Introduction 
	Background 
	RVE Modeling and Selection 
	RVE Modeling in ANSYS 
	RVE Types 
	Particle Gradation 
	Optimal RVE Size Selection 

	Full-Scale Models 
	Model Geometry 
	Material Modeling 
	Mesh Convergence Analysis 
	Validation and Experimental Considerations 

	Conclusions 
	References

