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A comprehensive understanding of the geometrical form of the concrete mesostructure is important because it is associated with
the complex and randommechanical behavior of the concrete.*ere is still uncertainty about how to characterize the geometrical
form of the concrete mesostructure and its effect on the observed macroscopic behavior. *e coarse aggregate content and fractal
dimension were used in this study to indicate the geometrical form of concrete at the mesolevel. Taking themechanical parameters
measured in experiments, a group of mesomodels with various fractal dimensions and coarse aggregate contents was simulated by
using the random fractal modeling method and then was studied and discussed. *e analytical solution, simulation, and ex-
perimental data all suggested that the elastic modulus increased with the increasing coarse aggregate content. Meanwhile, the
fractal dimension can cause the elastic modulus to decline slightly.*e comprehensive consideration of both fractal geometry and
classical Euclidean geometry can aid in predicting the macroscopic behavior of concrete.

1. Introduction

*ere is little doubt nowadays that the macroscopic behavior
of concrete is strongly influenced by the geometrical and
mechanical properties of its components at the mesolevel
and that analyzing the materials at that level is an extremely
powerful tool for understanding and predicting the observed
macroscopic behavior.*e study at the mesolevel is followed
by a variety of models and approaches. In some of them, the
mesostructure is represented via continuum finite elements
which discretize separately the larger aggregates and the
matrix (including mortar, smaller/fine aggregates, and air
voids with the hardened cement paste), with or without the
representation of material interfaces [1].

*ese models and approaches could be solved by various
analytical and numerical methods. As compared to ana-
lytical methods, the numerical methods have a wider range
of applications. Besides, the numerical mesomodeling

method of concrete is not limited by the experimental
equipment or sites, based on which the results can be ob-
tained conveniently and precisely. *e researchers just need
to establish a reasonable mesomodel of concrete and assign
material properties of each component.*en, this numerical
model can help us to study the influence of components on
the mechanical behavior of concrete.

In the theoretical frame of concrete mesomechanics,
many numerical methods were developed. Zhang consid-
ered that different mesoscopic numerical methodologies are
similar [2].*e key step of all the methods was to assume the
mesostructure and components of concrete logically before
the analysis. Not only the mechanical properties of com-
ponents but also the geometrical form of their mesostructure
can influence themechanical behavior of concrete. However,
there is a lack of discussion on the geometrical form of the
concrete mesostructure. Characterizing the geometrical
form of the concrete mesostructure and its influence on the
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macroscopic behavior is an important, but understudied,
cause for concern.

With the quantitative analysis method for characterizing
the geometrical form of the concrete mesostructure devel-
oped [3–7], several correlations between the macroscopic
behavior of concrete and the geometrical parameters of its
mesostructure were then revealed. It was demonstrated that
the coarse aggregate content (CAC) can influence the
compressive and tensile strength [8], the elastic modulus [9],
the thermal properties [10], the chloride diffusivity in
concrete [11–13], etc. Additionally, some other geometrical
parameters can also influence the macroscopic behavior of
concrete. For instance, the aggregates’ gradation affects the
compressive strength [14]. Young’s modulus of concrete
decreases with the increase of the ITZ thickness [15]. *e
stress state of localized areas is influenced by the spatial
distribution of aggregates [16].*e critical crack-tip opening
displacement and toughness fracture can be predicted more
precisely considering the maximum aggregate size and ag-
gregate type (river or crushed) [17]. *e needle flake coarse
aggregate particles cause uneven distribution of the concrete
equivalent elastic modulus [18]. With more detailed studies
on concrete mesomechanics, some researchers pointed out
that the influence of the random spatial distribution of
aggregates in concrete on the simulation and experimental
results should never be neglected [4, 19–22].

However, all the studies introduced above did not find an
advisable indicator that could describe the complicated and
random spatial distribution of aggregates. Some discussions
of the geometrical form character were constructed on a few
assumptions made by the researchers. In several studies, the
aggregates were simulated as spheres or ellipses simplisti-
cally. Some researchers considered that each distribution
was different. Moreover, some other researchers considered
the gradation of aggregates, e.g., the two-gradation or the
full-gradation, as an indictor semiquantitatively. Subsequent
research has confirmed that the geometrical parameters in
the theoretical frame of classic Euclidean geometry could
only characterize a part of the geometrical form of the
concrete mesostructure. Although these studies did not
establish a quantitative model that could completely describe
the correlation between the macroscopic behavior of con-
crete and the geometrical parameters of its mesostructure,
these works provided a research foundation.

*e fractal dimension was introduced into the study of
the concrete mesostructure, which was efficient to quantify
the irregular objectives [23–25]. *e word “fractal” was
coined by B. B. Mandelbrot from the Latin adjective to
describe the fragmented, irregular, random, and scaled
pattern he studied [26]. Based on the determination of the
fractal dimension, previous researches succeeded in estab-
lishing the relationship between the fractal dimension and
several macroscopic behaviors of concrete. For instance, it
was demonstrated that the higher fractal dimension indi-
cates a tougher surface [27]. *en, the relationship between
fracture energy and fractal dimension of crack could be
given [28–30].

*ese studies have shown the beneficial effects of
applying fractal dimension in the research of concrete at

the mesolevel. Otherwise, most studies in this field have
only focused on analyzing the surface or other two-di-
mensional objectives. *ere is still uncertainty about how
to characterize the geometrical form of the concrete
mesostructure and its influence on the macroscopic
behavior.

In our previous works, it was demonstrated that the
fractal dimension of aggregates in concrete is a constant
equal to three, and the dimension of the matrix should be a
positive real number less than three [31]. *en considering
the shape, the size, and the spatial distribution of aggregates,
an approaching model of the concrete mesostructure was
proposed. Based on these theoretical foundations, an ac-
curate and efficient numerical modeling method of the
concrete mesostructure, random fractal modeling (RFM)
method, was introduced.

In this paper, an analytical-method-based elastic mod-
ulus prediction was discussed. A qualitative result of how the
elastic modulus was influenced by the CAC was obtained.
Furthermore, with a comprehensive consideration of the
fractal geometry and classic Euclidean geometry, the effect of
geometrical form parameters, i.e., the fractal dimension of
the concrete mesostructure and the CAC, on the elastic
modulus of concrete was quantitatively studied.

2. Methods

2.1. Geometric Form of the Concrete Mesostructure.
Concrete is commonly considered a three-phase composite
on the mesoscale, consisting of the aggregates, the matrix,
and the interface transition zone (ITZ) between these two.
Specifically, the aggregate only represents the larger ag-
gregate piece in this study, which is approached as a
polyhedron model. *e aggregates are embedded in a matrix
phase representing mortar plus the smaller aggregates and
the air voids.

Especially, the ITZ has an obvious effect on the mac-
romechanical behavior of concrete, and thus, it should be
included in investigations of the mechanical properties of
concrete. However, the thickness of the ITZ is considered to
be between 15 and 40 μm [32, 33] in general, which is much
smaller than the size of the aggregate particles. *erefore,
when investigating the geometric and fractal characteristics
of the concrete mesostructure, the ITZ can be neglected.

In the geometric model that neglects the ITZ, concrete is
denoted as the set F, the aggregates as the set G, and the
matrix as the setH.*us, setsG andH are proper subsets of
the setF. Moreover, the set G is the relative complement of
H in the set F. Both aggregates (set G) and matrix (set H)
typically represent fractal features, although their dimen-
sions differ. Our previous work demonstrated that the di-
mension of the set G is a constant integer equal to three.
Meanwhile, the fractal dimension of the set H is a positive
real number less than three, and its specific value should be
determined by measurement or calculation. It is influenced
by the gradation and spatial distribution of the aggregates.

With the aid of X-ray computed tomography and sieving
tests, the fractal dimension of a matrix can be determined
using the box-counting method. More details regarding
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these determination methods and a discussion of fractal
dimension can be found in [31].

Based on the fractal dimension of the matrix, it is
possible to describe the fractal, random, and complicated
geometric features quantitatively. Generally, a higher fractal
dimension indicates greater geometrical complexity
[26, 34–36]. *us, the geometric forms of concrete samples
or numerical models can be distinguished by their fractal
dimensions. Furthermore, according to the fractal theory, if
the fractal dimensions of the two sets are equal, these sets can
be considered “the same fractal set” [37]. Based on this
property, a random-fractal-based concrete mesosimulation
method can be formulated as follows: using an iterative
modeling algorithm, a geometric pattern is generated to have
the same fractal dimension as that of an actual concrete
sample, and this pattern can be considered a numerical
model having the same fractal and geometric features as the
actual concrete sample [38]. *is simulation method is
discussed in more detail in Section 2.3.1.

By applying the analytical method, simulation, and
experimentation, two parameters of the concrete geometric
form would be studied, i.e., the CAC and the fractal di-
mension of the matrix.

2.2. Analytical-Method-Based Elastic Modulus Prediction.
It has been demonstrated that the influence of the ITZ on the
elastic modulus should not be neglected [39]. *e equations
considering the ITZ could not be solved analytically. *e
prediction of elastic modulus based on the analytical method
would not include the ITZ between the aggregate and the
matrix simplistically in this study.

2.2.1. Idealized Homogeneous Strain and Stress Boundary
Conditions. *e idealized homogeneous strain boundary
condition was assumed. *e field of a representative volume
element of concrete is denoted as Ω. Based on the principle
of minimum potential energy and the principle of minimum
complementary energy, the upper and lower bounds of the
equivalent elastic modulus L of Ω can be given as the fol-
lowing inequations:

U≤
1

2|Ω|

Ω

Lijklϵkl
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where U indicates the mean strain energy density in the
representative volume element of concrete, ϵ′ and σ⋆ in-
dicate the virtual strain and the fictitious stress, respectively,
Eij indicates the average of ϵ′, and H indicates the effective
flexibility of concrete.

Likewise, the inequations with the idealized homoge-
neous stress boundary condition can be given as follows:
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2.2.2. Voigt–Reuss Limit. According to the inequations
obtained by the idealized homogeneous strain and stress
boundary conditions, using the method introduced by Voigt
and Reuss [40], the macroscopic elastic modulus can then be
predicted.

Denoting the CAC as φ, the equivalent volume modulus
and the equivalent shear modulus of concrete, khom and
Ghom, can be expressed as

kcemkagg

kagg − φ kagg − kcem 
≤ k

hom ≤ kcem + φ kagg − kcem , (3)

GcemGagg

Gagg − φ Gagg − Gcem 
≤G

hom ≤Gcem + φ Gagg − Gcem ,

(4)

where kagg and kcem indicate the volume modulus of the
aggregate and matrix, respectively, and Gagg and Gcem in-
dicate the shear modulus of the aggregate and matrix,
respectively.

2.2.3. Hashin–Shtrikman Limit. Furthermore, assuming the
strain and stress are homogeneous on the segmented linear
boundaries, a more precise group of upper and lower elastic
modulus bounds, Hashin–Shtrikman limit, can be obtained
[41]:

k
hom ≥

kcem 3kagg + 4Gcem  + 4φGcem kagg − kcem 

3kcem + 4Gcem + 3(1 − φ) kagg − kcem 
, (5)

G
hom ≥

6GcemGagg kcem + 2Gcem(  + Gcem 9kcem + 8Gcem(  φGagg +(1 − φ)Gcem 

Gcem 9kcem + 8Gcem(  + 6 kcem + 2Gcem(  φGcem +(1 − φ)Gagg 
, (6)
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2.3. Numerical Simulation. *e simulation in this study was
implemented in three main steps: (1) generating the geo-
metrical model based on RFM, (2) generating the mesh and
assigning the material properties of each component, and (3)
solving the finite element model.

2.3.1. Mesostructural Geometry. According to the self-
similarity of a fractal, the simulation model of aggregates can
be generated based on iteration. In this study, the convex
hexahedron simulation model of aggregates was used. *e
convex hexahedron model was usually applied to create an
approximate simulation of crushed stone as the aggregate.
*e basic generation algorithm of the convex hexahedron
model can be described as follows:

(1) Dividing the cell: the cell is divided into several
subauxiliary hexahedrons.

(2) Generating the aggregates: the subauxiliary hexa-
hedron(s) at the specified location is(are) trans-
formed to a real graph, and this real graph is treated
as the model of an aggregate.

(3) Iteration: each remaining subauxiliary hexahedron is
treated as a new cell, and steps 1 and 2 are repeated
until the program ends.

More details about this numerical modeling method,
such as setting and dividing the cells, definitions of the
auxiliary and real graphs, and generation of aggregates at the
specified locations, can be found in the papers reporting our
previous studies [42, 43].

After generating the aggregates, the remaining space in
the numerical concrete model can be treated as amatrix [44].
Simulation of the ITZ is discussed in Section 2.3.3.

A major advantage of RFM is that it involves the ap-
plication of an index, i.e., the fractal dimension that can
describe the geometric character of the concrete. Moreover,
this iteration-based method provides an efficient numerical
modeling technique.

2.3.2. Material Properties. As the strength of the aggregate is
much greater than that of the matrix and ITZ, the aggregate
model can be considered elastic. *e constitutive behaviors of a
matrix are formulated based on linear elastic damagemechanics,
with the maximum tensile strain criterion as the threshold.

In particular, the mechanical properties and the gradation
of the fine aggregates, as well as the air voids, will influence the
mechanical behavior of concrete with no doubt. It can be

demonstrated that its influence is on the matrix directly, and
then the mechanical properties and portion of the matrix will
influence the whole concrete. Limited by the calculation
ability of a computer, the concrete was simulated at the
mesolevel in this way: none of the fine aggregates nor the air
voids would be represented separately. *e effect of these
composites was represented by the mechanical properties of
the matrix. *at is to say, all the fine aggregates and the air
voids were considered a part of the matrix.

*e constitutive law of the ITZ employed in this ap-
proach conforms to the failure criterion proposed in [1].
Denoting the shear and tensile strength of ITZ as fs and ft,
respectively, the failure surface Sfailure is given as the fol-
lowing three-parameter hyperbola:

Sfailure � τ2 − σ − fs tanϕ( 
2

+ ft − fs tanϕ( 
2
, (9)

where τ is the shear stress; σ is the normal stress; and ϕ is the
asymptotic friction angle, which is set as 27° according to the
study in [1].

Several basic material properties of the three concrete
components, including Young’s modulus, Poisson’s ratio,
crack strain, fs, and ft, can be determined experimentally.
*e experimentation process and the results are given in
Sections 3.2 and 4.1, respectively.

2.3.3. Mesh Generation and Assignment of Material
Properties. A tetrahedron-shaped element, Solid65, was se-
lected for use in this study. In order to mesh different geo-
metrical models automatically, the SMRTSIZE command of
ANSYS was employed. *is command provides a manner of
specified mesh generation with automatic (smart) element
sizing, which could mesh the aggregate model with different
sizes automatically. Commonly, the matrix was suggested to
mesh based on the nodes of the element of the aggregate
model. *en, the elements of aggregates and matrix can be
assigned with their material properties, respectively.

*e ITZ elements were generated according to the fol-
lowing method: Firstly, the nodes are selected on the in-
terface between the aggregate and the matrix. *en, the
elements attached to the selected nodes are selected and
refined. Finally, the refined elements for the matrix attached
to the nodes on the interface were assigned with material
properties corresponding to the ITZ.

2.3.4. Model Solving. *e numerical model in this study is
solved in ANSYS by employing the ETABLE and EKILL
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commands. *e algorithm used for solving the model is
shown in Figure 1.

*e ETABLE command can be executed to read various
result data of each element for use in further processing. In this
simulation, ETABLE was employed to read the strain, normal,
and shear stress. *en, the damage of the element will be
validated according to the criterion of damage. Once the
damage criterion was met, the element will be “killed” by
employing the EKILL command. *e EKILL command was
employed to simulate the damage of the element by deacti-
vating an element. A deactivated element remains in themodel
but contributes a near-zero stiffness value to the overall matrix.
*is method can simulate quasibrittle materials efficiently.

3. Experiments and Simulations

Experiments were performed to determine the mechanical
behavior of concrete prisms, as well as the material prop-
erties of composites.

3.1. Experiments with Concrete Prism. To discuss the influ-
ence of the fractal dimension of the matrix, three groups of
concrete samples with varied gradations were prepared.
Applying the calculation method introduced in [31], the
fractal dimension of each gradation can be obtained. *e
sieving test results, as well as the fractal dimensions cal-
culated for each group, are summarized in Table 1.

Each group contained six prism samples, and the di-
mensions of the prism are 150mm× 150mm× 300mm.*e
CAC of all samples was set as 50%. *e content of the other
components was as follows: 195 kg/m3 of water, 325 kg/m3 of
ordinary Portland cement of type 42.5R, and 696 kg/m3 of
sand were added, respectively.

All of the concrete prism samples were tested with a
closed-loop, servo-controlled compression-testing machine
with a capacity of 2000 kN. *e stress-strain curves for each

sample could then be obtained. *e slope of the stress-strain
curve in the linear regime could be used to calculate Young’s
modulus of the concrete samples.

3.2. Experiments with Concrete Components. In this study,
the main aim was to focus on the influence of the geometric
properties of the mesostructure. *erefore, after tests to
determine the mechanical parameters for each component,
the average of each measurement was employed in the
numerical model.

*e following mechanical tests for determining the
mechanical parameters of components were employed:

(1) Young’s modulus and Poisson’s ratio for the ag-
gregate were tested by a group of cylindrical speci-
mens drilled from the parent rock.

(2) Young’s modulus, Poisson’s ratio, and crack strain
for the matrix were tested by a group of prism-
shaped mortar specimens. *e content of the mortar
was as follows: 195 kg/m3 of water, 325 kg/m3 of
ordinary Portland cement of type 42.5R, and
696 kg/m3 of sand were added, respectively.

(3) *e shear and tensile strength of the ITZ was tested
by the specimens produced, as shown in Figures 2
and 3, respectively.

Start

ith substep

ETABLE

Check jth
element

Switch 
element

type
CementAggregate ITZ

ε ≥ [ε]? Met damage criterion
(equation 11)?

EKILL
jth element

Update finite
element model

No

Are
all elements

checked?

j = j + 1

Yes

Does solving
end?

i = i + 1

EndYes

No

YesYes

NoNo

Figure 1: Schematic diagram of the algorithm for solving the finite element model.

Table 1: Sieving test results for the concrete prism samples.

Sieving
level

Sieving size
(mm)

Group 1
(D� 2.3607)

Group 2
(D� 2.4412)

Group 3
(D� 2.5212)

SSR SSR SSR
(kg) (%) (kg) (%) (kg) (%)

1 10 10.36 16.61 9.58 15.77 9.14 14.79
2 5 30.50 48.89 29.41 48.39 29.26 47.34
3 2.5 20.12 32.26 20.80 34.22 22.18 35.88

Note: SSR denotes separated sieve residue.
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More details about the experimentation, such as the
setup of the test, the measurement, and setting of the gauge
and linear variable differential transformers, can be found in
the paper reporting our previous study [43].

3.3. Simulation. *e main discussion of the effect of the
geometric parameters of the numerical model, i.e., the fractal
dimension of the matrix and the CAC, on the elastic
modulus in this article is based on numerical simulations.

Before all, a validation of the simulation would be
performed by comparison with experimental measurements.
*ree groups of prism-shaped numerical models with the
same fractal dimension of the relevant concrete samples
were analyzed. Each component model was assigned with
the correspondingmechanical properties measured from the
experiments introduced in Section 3.2. *e results will be
presented and discussed in Section 4.3.

*en, an orthogonal simulation study was designed.
*e fractal dimensions of models were set as 2.1, 2.2, . . . ,
2.9, and the CACs were set as 35%, 40%, . . . , 70%. Each
simulation model was generated based on these two pa-
rameters. A total of 72 concrete mesomodels with various
fractal dimensions and CAC values were studied and
discussed.

*e naming conventions for these simulation models are
as follows: D indicates the fractal dimension of the matrix,

Sample

Rock
cylinder

Aggregate

Cement

100mm

20
m
m

40mm

Hollow
cylinder

Figure 2: Setup for testing shear strength of the ITZ.

Sample

Grip

Aggregate

Cement

150mm

75
m
m

75
m
m

Figure 3: Setup for testing tensile strength of the ITZ.

Table 2: Various material parameters used for aggregates and
matrix.

Component Young’s modulus
(N/mm2) Poisson’s ratio Crack strain

Aggregates 5.35 × 104 0.23 —
Matrix 3.01 × 104 0.18 266 × 10− 6
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and the two sequent numbers indicate 10 times the fractal
dimension value; P indicates the CAC of concrete, and the
two sequent numbers indicate 100 times the CAC value. For
instance, the simulation model D21P35 has a fractal di-
mension of 2.1 and the CAC of 35%.

Firstly, geometric models of the concrete prisms could be
generated. By applying the measured mechanical parameters
for each component, the aggregate was assigned with the
corresponding material properties. *e geometric model
could then be meshed. Finally, the numerical mesomodels
under compression could be solved in ANSYS using the
method described in Section 2.3.4. *e results are presented
and discussed in Section 4.

4. Results and Discussion

4.1. Material Parameters of Each Component. *e elastic
parameters and elastic threshold of the matrix are listed in
Table 2. Young’s modulus of the ITZ was approximately set as
0.8 times Young’s modulus of the matrix, and its Poisson’s ratio
was set as 0.2 [45, 46]. Besides, the air voids would be varied with
theCAC andwater-to-cement ratio change. It can be considered
approximately that the material property of the mortar mea-
sured from the test could represent the influence of the pores.

*e ITZ had a shear capacity of 2.72MPa and a tensile
capacity of 0.29MPa. In reality, the rock cylinder used in the
ITZ shear strength tests also contributed to the overall peak
strength measured by the tests. However, because the
stiffness of the rock is much higher than that of the ITZ, the
contribution of the rock was neglected.

4.2. Discussion of Analytical Solution. Taking the mechanical
parameters measured in tests to equations (3)–(7), the effect
of the coarse aggregate on the effective modulus of concrete
is shown in Figure 4.

A remarkable positive correlation could be observed
between the analytical elastic modulus and the CAC. *ese
relationships can be partly explained by the contribution of
aggregates to the elastic modulus. In the elastic stage, the
aggregate is a major factor determining the mechanical
properties. A higher CAC usually results in a higher elastic
modulus [47]; the analytical results confirm this conclusion.

Besides, it can be observed that the analytical solution
can only describe the influence of the elastic modulus of
components and the CAC on the concrete’s elastic modulus.
*e influence of the matrix’s fractal dimension or of the ITZ
cannot be studied only according to the analytical solution.

4.3. Comparison of the Experimental and Simulation Results.
*e comparison of elastic modulus between the simulation
results for each group and the corresponding experimental
results is shown in Table 3.

It can be observed that there was little difference between
the elastic modulus of the three groups of samples. Mean-
while, the simulation results matched the actual test results.
Besides, the elastic modulus measured in the tests was
slightly larger than that obtained with the simulation. *is
phenomenon would result in the numerical model having
lower randomness than the actual concrete sample.

4.4. Effect of the Geometric Form of the Mesostructure on the
Initial Elastic Modulus. Based on the simulation method
introduced above, stress-strain curves could be obtained for
the numerical mesomodels. *e slope of the curve in the
range between 0 and 0.5MPa was defined as the initial elastic
modulus of the numerical mesomodel.

*e relationship between the fractal dimension and the
initial elastic modulus is shown in Figure 5. A significant
positive correlation was observed between the elastic
modulus and the CAC. Meanwhile, the influence of the
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Figure 4: Effect of the CAC on analytical elastic modulus limits.
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fractal dimension on the elastic modulus was quite small;
increasing the fractal dimension resulted in a slight decrease
in the elastic modulus.

*e fractal dimension only has a direct effect on the
geometric form of the matrix and the spatial distribution of
aggregates. Based on the simulation results and observed
experimental phenomena, the influence of these two factors
on the elastic behavior may be slight.

5. Conclusions and Future Works

5.1. Conclusions. *is study analyzed the effect of geomet-
rical parameters, i.e., the fractal dimension of the matrix and
the CAC, on the elastic modulus of concrete. *e following
conclusions can be drawn:

(1) *e influence of fractal dimension on elastic mod-
ulus was quite small, which might cause the elastic
modulus to decline slightly.

(2) With the increasing CAC, the elastic modulus
increased.

*is study contributes to our understanding of char-
acterizing the geometrical form of the concrete meso-
structure and its influence on the macroscopic behavior. *e
comprehensive consideration of the fractal geometry and
classic Euclidean geometry can provide a powerful tool for

understanding and predicting the observed macroscopic
behavior.

Furthermore, a proper understanding of the fractal di-
mension of the concrete mesostructure can guide the study
of other systems containing particulate solids with a rough
surface.*is study could provide some essential information
that will help improve efficiency for structural engineers and
researchers.

5.2. FutureWorks. Only the effect on the elastic parameters
of concrete was studied in this paper based on the analytical
method, experimentation, and simulation. Actually, con-
crete is a quasibrittle mixture with a complex mechanical
behavior. *e gradation and the spatial distribution of ag-
gregates influence significantly the nonlinear regime and the
cracking pattern. *e study of the effect of the concrete
mesostructure geometrical form on its mechanical behavior
is still in the early stage. We would discuss the effect of the
mesostructure on other behaviors at the macrolevel of
concrete in our future works.
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[17] Z. P. Bažant and E. Becq-Giraudon, “Statistical prediction of
fracture parameters of concrete and implications for choice of
testing standard,” Cement and Concrete Research, vol. 32,
no. 4, pp. 529–556, 2002.

[18] X. Shiyun and Q. Qianqian, “Mesoscopic influence factor
analysis on the equivalent elastic modulus of concrete,”
Journal of Shenyang Jianzhu University: Natural Science,
vol. 4, pp. 636–643, 2015.

[19] I. Comby-Peyrot, F. Bernard, P.-O. Bouchard, F. Bay, and
E. Garcia-Diaz, “Development and validation of a 3d com-
putational tool to describe concrete behaviour at mesoscale.
application to the alkali-silica reaction,” Computational
Materials Science, vol. 46, no. 4, pp. 1163–1177, 2009.

[20] D. Xiuli and J. Liu, “Applications of meso-scale analysis
methods on the study of the physical/mechanical properties of
concrete,” Journal of Hydraulic Engineering, vol. 47, no. 3,
pp. 355–371, 2016.

[21] M. Wang, A. Al-Tabbaa, and W. Wang, “Improving discrete
particle packing models for the microstructural formation
simulation of portland cement,” Construction and Building
Materials, vol. 229, Article ID 116841, 2019.

[22] M. Wang, Y. Liu, and W. Wang, “3d ca-lbm investigation of
the interconnection of the platelet network within packed
random porous structures,” Construction and Building Ma-
terials, vol. 239, p. 117861, 2020.

[23] A. Yan, K.-R. Wu, D. Zhang, and W. Yao, “Effect of fracture
path on the fracture energy of high-strength concrete,” Ce-
ment and Concrete Research, vol. 31, no. 11, pp. 1601–1606,
2001.

[24] H. Dai, H. Zhang, and W. Wang, “A multiwavelet neural
network-based response surface method for structural reli-
ability analysis,” Computer-aided Civil and Infrastructure
Engineering, vol. 30, no. 2, pp. 151–162, 2015.

[25] A. P. N. Siregar, M. I. Rafiq, and M. Mulheron, “Experimental
investigation of the effects of aggregate size distribution on the
fracture behaviour of high strength concrete,” Construction
and Building Materials, vol. 150, pp. 252–259, 2017.

[26] B. B. Mandelbrot, @e Fractal Geometry of Nature, Vol. 173,
W. H. Freeman, New York, NY, USA, 1983.

[27] M. A. Issa, M. A. Issa, M. S. Islam, and A. Chudnovsky,
“Fractal dimension--a measure of fracture roughness and
toughness of concrete,” Engineering Fracture Mechanics,
vol. 70, no. 1, pp. 125–137, 2003.

[28] M. H. A. Beygi, M. T. Kazemi, I. M. Nikbin, J. Vaseghi Amiri,
S. Rabbanifar, and E. Rahmani, “*e influence of coarse
aggregate size and volume on the fracture behavior and
brittleness of self-compacting concrete,” Cement and Concrete
Research, vol. 66, pp. 75–90, 2014.

[29] H. Dai, B. Zhang, and W. Wang, “A multiwavelet support
vector regression method for efficient reliability assessment,”
Reliability Engineering & System Safety, vol. 136, pp. 132–139,
2015.

[30] S. Khalilpour, E. BaniAsad, and M. Dehestani, “A review on
concrete fracture energy and effective parameters,” Cement
and Concrete Research, vol. 120, pp. 294–321, 2019.

[31] X. Yang, R. Zhang, S. Ma, X. Yang, and F. Wang, “Fractal
dimension of concrete meso-structure based on x-ray com-
puted tomography,” Powder Technology, vol. 350, pp. 91–99,
2019.
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