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This paper presents a method for generating a region with a lot of randomly distributed ellipsoids. Using the parametric expression
of an ellipsoid, the criterion for determining if a spatial point is in the interior or exterior of the ellipsoid is established. Then the
computation of the distance between a point and the ellipsoid is converted into finding the solution to an optimization problem,
which can be efficiently approximated by the searching method. Based on these facts, the proposed method is able to make the
distance between generated ellipsoids very small and then successfully improve the content of ellipsoids grains in the region.
Numerical results show that the proposed method can generate simulation of specimens in which the content of ellipsoids is
higher than 55% according to four-graded aggregates, 50% according to three-graded aggregates, and 45% according to two-graded
aggregates, respectively, in relatively short time.

1. Introduction

Concrete is an important constructionmaterial because of its
general availability and versatility. According to [1], there are
four levels of the study of concretes: macrolevel, mesolevel,
microlevel, and nanolevel. Mesolevel analysis of concrete is
most popular because it can be used for further analysis
of important properties of concrete such as deformation
and damage resistance [2], mechanical properties [3], and
electrical, thermal, and elastic properties [4]. At mesolevel,
the concrete is treated as consisting of reinforced aggregates,
mortar contents, and, optionally, interfacial zones between
the aggregates and the mortar content, where the reinforced
aggregates play the most important role.

For the mesolevel study of concrete, it is first necessary
to generate a random aggregate structure in which the shape,
size, and distribution of the reinforced aggregates resemble
real concrete in the statistical sense. For this purpose, a
lot of researchers contributed from different aspects. For
example, in [5, 6], the authors proposed a procedure for
generating random aggregates structures for rounded and
angular aggregates based on the Monte Carlo random sam-
pling principle and developed a method of mesh generation

using the advancing front approach to do the nonlinear finite
element analysis. In [7, 8], the authors tried to understand
the aggregates structure of concrete from the viewpoint of
mathematics. In [9], the authors developed a stochastic-
heuristic algorithm for generating the composite structure
of concrete in 3-D space. The authors of [10] discussed in
detail how to accurately model the mesoscale geometry with
efficient numerical analysis of high resolution, where the
ellipsoids were chosen to simulate the reinforced aggregates.
In [11] the authors presented an effective method to gen-
erate the random distribution domains with large numbers
of grains using the compactness algorithm and selection
algorithm. In [12], the authors proposed a mesoscale model
of concrete where the reinforced particles were generated
according to a prescribed grading curve and placed randomly
into the specimen. In [13], the authors presented a generating
method based on an approximate solution of a quadratic pro-
gramming with quadratic constraints. Comparing all these
methods, it is difficult to say which one is the best because
each one has advantages in some aspects and disadvantages
in some other aspects. Furthermore, all the existing methods
suffer from the same disadvantage, that is, low volume ratio of
aggregates in thewhole specimen. To generate amore realistic
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specimen which has a high content of reinforced aggregates,
we need to develop a more efficient algorithm, which is the
main purpose of this paper.

In this paper we propose a new method with which a
simulated specimen of concrete, according to four-graded
aggregates, can be generated where the content of aggregates
can be higher than 55%. The basic idea is to take advantage
of the parametric expression of ellipsoid, with which we can
determine if a spatial point is in the interior or exterior of
the ellipsoid. Moreover, the distance between a point and
the ellipsoid is converted into finding the solution to an
optimization problem, which can be efficiently approximated
by the searchingmethod. Because of these facts, the proposed
method is able to make the distance between ellipsoids very
small and then successfully improve the content of ellipsoids
grains in the region. The foundation of the algorithm will be
described in Section 2. The algorithm itself will be presented
in Section 3. Section 4 will be devoted to giving numerical
results and corresponding discussion. The conclusion will be
drawn in Section 5.

2. Foundation of the Algorithm

In this section we will describe the parametric equation of
an ellipsoid, from which the criterion to find the relation
between a spatial point and the ellipsoid is derived. Then
we will explain how to approximately calculate the distance
between the spatial point and the ellipsoid.The error analysis
is given in the end of this section.

We assume an ellipsoid is centered at 𝑂
0
(𝑥
0
, 𝑦
0
, 𝑧
0
) with

semiprincipal axes of lengths 𝑎, 𝑏, 𝑐, where 𝑎 ≥ 𝑏 ≥ 𝑐 > 0.
The nutation angle, precession angle, and orbit-spin angle of
the ellipsoid are designated as 𝜃, 𝜓, and 𝜑, respectively. Set a
matrix 𝐴 = (𝑎

𝑖𝑗
), 𝑖, 𝑗 = 1, 2, 3, where

𝑎
11

= cos𝜑 cos𝜓 − sin𝜑 cos 𝜃 sin𝜓;

𝑎
12

= cos𝜑 sin𝜓 + sin𝜓 cos 𝜃 cos𝜑;

𝑎
13

= sin𝜑 sin 𝜃;

𝑎
21

= − sin𝜑 cos𝜓 − cos𝜑 cos 𝜃 sin𝜓;

𝑎
22

= cos𝜑 cos 𝜃 cos𝜓 − sin𝜑 sin𝜓;

𝑎
23

= cos𝜑 sin 𝜃; 𝑎
31

= sin 𝜃 sin𝜓;

𝑎
32

= − sin 𝜃 cos𝜓; 𝑎
33

= cos 𝜃.

(1)

The domains of 𝜃, 𝜓, and 𝜑 are 0 ≤ 𝜃 < 𝜋, 0 ≤ 𝜓 < 2𝜋, and
0 ≤ 𝜑 < 2𝜋, respectively. Now the surface of the ellipsoid can
be parameterized as

𝑆 : (

𝑥

𝑦

𝑧

) = 𝐴(

𝑎 cos 𝑢 sin V
𝑏 sin 𝑢 sin V

𝑐 cos V
) + (

𝑥
0

𝑦
0

𝑧
0

) , (2)

where (𝑢, V) ∈ [0, 2𝜋) × [0, 𝜋]. If we set 𝐵 =

diag(1/𝑎2, 1/𝑏2, 1/𝑐2) and = (𝑥 − 𝑥
0
,𝑦 − 𝑦

0
, 𝑧 − 𝑧

0
), then the

generalized equation of this ellipsoid is given as

𝑆 : 𝑋𝐴𝐵𝐴

𝐵

𝑋

= 1. (3)

Now we define a function 𝑓 at (𝑥, 𝑦, 𝑧) ∈ R3 by

𝑓 (𝑥, 𝑦, 𝑧) = 𝑋𝐴𝐵𝐴

𝑋

− 1; (4)

then we have the following proposition.

Proposition 1. For any 𝑃 ∈ R3, if 𝑓(𝑃) > 0 then 𝑃 is in the
exterior of the ellipsoid; if 𝑓(𝑃) = 0 then 𝑃 is on the surface of
the ellipsoid; if𝑓(𝑃) < 0 then𝑃 is in the interior of the ellipsoid.

Now we are ready to consider the distance from an
arbitrary spatial point 𝑄(𝑥

1
, 𝑦
1
, 𝑧
1
) to the surface of an

ellipsoid defined in (2) or (3).That is, we define the function𝐹

at (𝑥, 𝑦, 𝑧) ∈ R3 by 𝐹(𝑥, 𝑦, 𝑧) = (𝑥−𝑥
1
)
2
+(𝑦−𝑦

1
)
2
+(𝑧−𝑧

1
)
2

and consider the following quantity:

𝑑 (𝑄, 𝑆) = (min {𝐹 (𝑥, 𝑦, 𝑧) :

𝑓 (𝑥, 𝑦, 𝑧) = 0, (𝑥, 𝑦, 𝑧) ∈ R
3
})
1/2

.

(5)

Of course this quantity equals

𝑑 (𝑄, 𝑆) = (min {𝐹 (𝑥, 𝑦, 𝑧) :

(𝑥, 𝑦, 𝑧) ∈ R
3 satisfies (2)})

1/2

.

(6)

Theoretically, there are analytical methods for solving the
extremal problems defined in (5) and (6). The Lagrange
multiplier can be directly used to solve (5). The extremal
problem in (6) can be converted into an unconstraint
minimum problem with respect to a function in variables
𝑢 and V. However, both methods need to solve a system
of nonlinear equations, which is extremely inefficient in
numerical calculation. Therefore, we are going to use a
searching method to get an approximation solution to the
extremal problem (6) in the following algorithm.

Algorithm 2 (computing the distance between a spatial point
and an ellipsoid).

Step 1. Given a natural number 𝑛, take 𝑢
𝑖+1

= 𝑖𝜋𝑛/2, V
𝑖+1

=

𝑖𝜋/𝑛, 𝑖 = 0, . . . , 𝑛 − 1.

Step 2. Calculate 𝑛
2 points on the surface of the ellip-

soid 𝑆 according to (2); store them by 𝑃
𝑖𝑗
(𝑥(𝑢
𝑖
, V
𝑗
), 𝑦(𝑢
𝑖
,

V
𝑗
), 𝑧(𝑢
𝑖
, V
𝑗
)), 𝑖, 𝑗 = 0, 1, . . . , 𝑛 − 1.

Step 3. Calculate the function values of 𝐹 at these 𝑛
2 points;

store them by 𝐹
𝑖𝑗

= 𝐹(𝑥(𝑢
𝑖
, V
𝑗
), 𝑦(𝑢
𝑖
, V
𝑗
), 𝑧(𝑢
𝑖
, V
𝑗
)), 𝑖, 𝑗 =

0, 1, . . . , 𝑛 − 1.

Step 4. Take 𝑑(𝑃, 𝑆) ≈ min{𝐹
𝑖𝑗
, 𝑖, 𝑗 = 0, . . . , 𝑛 − 1} as the

desired approximation to the actual distance.
Before we present the algorithm for the simulation of

a region with a lot of ellipsoids as aggregates, we end this
section by giving an error analysis of Algorithm 2. Since
ellipsoids are closed and convex surfaces, for any point 𝑃

outside of an ellipsoid, there is one point 𝑃 on the surface 𝑆

of the ellipsoid such that 𝑑(𝑃, 𝑆) = 𝑑(𝑃, 𝑃) = 𝑃𝑃, where we
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Figure 1: Error analysis.

use 𝐴𝐵 to denote the distance between point 𝐴 and point 𝐵.
By the geometric characterization of the best approximation,
𝑃𝑃 is on the normal line of 𝑆 at the point 𝑃. As shown in
Figure 1, let us set 𝑃∗ as the intersection point of 𝑃𝑃

𝑖𝑗
and

the arc which is centered at 𝑃 and the length of radius is 𝑃𝑃.
Without loss of generality, we can assume 𝑑(𝑃, 𝑃

𝑖𝑗
) to be the

approximation to 𝑑(𝑃, 𝑃). Noticing that 𝑃𝑃 = 𝑃𝑃∗, the error
between the approximation 𝑃𝑃

𝑖𝑗
and the actual distance 𝑃𝑃 is

𝑃
𝑖𝑗
𝑃∗. It is clear that𝑃

𝑖𝑗
𝑃∗ ≤ 𝑃

𝑖𝑗
𝑃+𝑃∗𝑃.When 𝑛 is sufficiently

large, 𝑃∗𝑃 ≤ 𝑃
𝑖𝑗
𝑃, therefore, 𝑃

𝑖𝑗
𝑃∗ ≤ 2𝑃

𝑖𝑗
𝑃. Thus, we have

0 ≤ 𝑃
𝑖𝑗
𝑃∗ ≤ 2𝑃

𝑖𝑗
𝑃 ≤ 2𝑃

𝑖𝑗
𝑃
𝑖+1𝑗+1

. By invoking the fact that

𝑃
𝑖𝑗
𝑃
𝑖+1𝑗+1

= √(𝑃
𝑖𝑗
𝑃
𝑖+1𝑗

)
2
+ (𝑃
𝑖𝑗
𝑃
𝑖𝑗+1

)
2, 𝑃
𝑖𝑗
𝑃
𝑖𝑗+1

< 𝑃
𝑖𝑗
𝑃
𝑖𝑗+1

≤

2𝑎𝜋/𝑛, and 𝑃
𝑖𝑗
𝑃
𝑖+1𝑗

< 𝑃
𝑖𝑗
𝑃
𝑖+1𝑗

≤ 2𝑎𝜋/𝑛, where 𝑃
𝑖𝑗
𝑃
𝑖𝑗+1

and
𝑃
𝑖𝑗
𝑃
𝑖+1𝑗

denote the length of the arc whose radius is 𝑎, we
conclude

0 ≤ 𝑃
𝑖𝑗
𝑃∗ ≤

4√2𝑎𝜋

𝑛
. (7)

In practical computation, (7) can be used to control the
computational accuracy.

3. Algorithm for Simulating the Domain with
a Large Number of Randomly Distributed
Ellipsoid Grains

In the engineering computation, the computer simulation of
the concrete always contains the aggregates agreeing with
some probability distribution, which is obtained by the
statistics for the components and shapes of the materials to
be simulated. Based on this fact, we assume, without loss of
generality, the following two statements.

(1) The simulated region is a cuboid.
(2) All the parameters including the ellipsoids center

(𝑥
0
, 𝑦
0
, 𝑧
0
), the semiprincipal axes lengths 𝑎, 𝑏, 𝑐, the

nutation angle 𝜃, precession angle 𝜓, and orbit-spin
angle𝜑 of the ellipsoids satisfy a uniformdistribution.
Of course we can modify the parameters such that
they satisfy some other kind of distribution. Under

these assumptions, we can develop a fast algorithm for
generating a rectangular domain with a large amount
of randomly distributed ellipsoids.The basic idea is as
follows.

(a) According to the generated ellipsoids, we first
randomly generate a point, such as 𝑃, in the
simulation area. Then we determine whether it
is in the exterior of all the generated ellipsoids.
If so, we calculate the distances from the point
𝑃 to all the generated ellipsoids and find the
minimum distance.

(b) If the minimum distance is bigger than the
biggest semiprincipal axes length 𝑎 of the ellip-
soid to be generated, then we generate a new
ellipsoid with the biggest semiprincipal axle
length 𝑎 and the center at 𝑃.

To describe the algorithm in detail, we use 𝑙 to denote the
number of generated desired ellipsoids and 𝐿 the ellipsoids’
total number, V to denote the volume of the generated desired
ellipsoids and 𝑉 the ellipsoids’ total volume, and 𝑘 to denote
the number of ellipsoids which are continuously rejected and
𝐾 the total number of rejected star domains.

Algorithm 3 (generating a cuboid with a lot of randomly
distributed ellipsoids).

Step 1. Input all the parameters for generating the randomly
distributed ellipsoids as well as the prescribed value of 𝐿, 𝑉,
and𝐾. Set 𝑙 = 1, 𝑘 = 0, and V = 0.

Step 2. Randomly generate a number 𝑎 which can be a
candidate for the biggest semiprincipal axes length of the
desired ellipsoid.

Step 3. Randomly generate a point (𝑥
0
, 𝑦
0
) in the simulation

domain and determine whether it is in the exterior of all
the generated ellipsoids. If not, set 𝑘 = 𝑘 + 1 and go to
Step 4; otherwise, calculate the distances between (𝑥

0
, 𝑦
0
) and

all the generated ellipsoids using Algorithm 2 and determine
whether the minimum of the distances 𝑑 is bigger than or
equal to 𝑎. If not, set 𝑘 = 𝑘 + 1 and go to Step 4; otherwise,
generate an ellipsoid with the center of 𝑂(𝑥

0
, 𝑦
0
, 𝑧
0
), the

biggest semiprincipal axle length 𝑎, and the other randomly
chosen parameters such as the middle semiprincipal axle
length 𝑏(≤ 𝑎), the smallest semiprincipal axle length 𝑐(≤ 𝑏),
the nutation angle 𝜃, precession angle 𝜓, and orbit-spin angle
𝜑. Calculate its volume V

0
, and set V = V + V

0
, 𝑙 = 𝑙 + 1; go to

Step 4.

Step 4. If 𝑙 > 𝐿, or 𝑘 > 𝐾, or V > 𝑉, end; otherwise, go to
Step 2.

In practical computation, there are some techniques to
improve the computational speed. For example, when we
calculate the smallest distance between 𝑂(𝑥

0
, 𝑦
0
, 𝑧
0
) and all

the generated ellipsoids if 𝑂(𝑥
0
, 𝑦
0
, 𝑧
0
) is in the exterior of

them, we can implement it by the idea of approximation.That
is, we calculate the distance 𝑑

 between 𝑂(𝑥
0
, 𝑦
0
, 𝑧
0
) and all

the centers of the generated ellipsoids. If 𝑑 is bigger than
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the sum of 𝑎 and the biggest semiprincipal axle length of the
generated ellipsoids, we can set 𝑑 = 𝑑


− 𝑎, which is smaller

than the actual distance.This approximation actually confines
the ellipsoids into those around 𝑂(𝑥

0
, 𝑦
0
, 𝑧
0
) and makes the

computation more efficient.

4. Application in the Numerical
Simulation of Concretes

4.1. Simulation of a Concrete Specimen Where Aggregates
Are Set to Be Ellipsoids. Concrete is a composite three-
phasematerial of inhomogeneities inmesoscopic level.These
inhonogeneities include coarse aggregate, cement mortar,
and the interfacial zones between them.When the aggregates
are pepplestones, we can assume them to be ellipsoids.There-
fore, the concrete specimen to be simulated is approximately
presented as a cuboid with a lot of randomly distributed
ellipsoids. All the numerical results are implemented with
Matlab on a computer with AMD Phenom(tm) 9500 Quad
Core CPU 2.20GHz and 2.0GB computer memory.

Before we present the numerical results, it is worthwhile
to explain two more things which we have in mind. The
first one is about the generation of the interfacial zones. To
describe the interfacial zones, we use the generated ellipsoids
as outer surface of the interface and generate another ellipsoid
with the semiprincipal axes lengths which are 0.003 cm
smaller than the outer ellipsoid, as surface of the aggregate.
An example is shown in Figure 2. The second one is about
the order of the generation of ellipsoids. According to the
grading, we generate all the ellipsoids in order of grading. For
example, for the three-grading concretes, we first generate all
the ellipsoids of the first grade, then turn to all the ellipsoids
of the second grade, and finally generate the ellipsoids of the
third grade. The unit of length of all the numerical results is
centimeter.

Figure 3 is a simulation of a specimen of two-graded with
pebble aggregate concrete where the interfacial zones are also
generated. The region size is [0, 15] × [0, 15] × [0, 15]. All
the random variables are assumed to satisfy some uniform
distribution.The diameters of the aggregate grains are in two
levels, which are 2∼4 and 0.5∼2, respectively. The aggregate
numbers of these two kinds are 107 and 4245, respectively,
and the volumes of these two kinds aggregate are 836.2310
and 683.4728, respectively.The volume ratio of them is about
5.5 : 4.5. The aggregate total volume is 1519.7038, which is
about 45.03% of the total volume of the specimen. If the bulk
density of the aggregates is taken as 27 kN/m3 and the bulk
density of the interface is taken as 21 kN/m3, then the weight
ratio of aggregates is 0.5129. The computational time is about
216 hours.

In Figure 4, we present a simulation of a specimen of
three-graded with pebble aggregate concrete where cement
mortar and the interfacial zones are not included.The region
size is [0, 30] × [0, 30] × [0, 30]. All the random variables are
assumed to satisfy some uniform distribution.The diameters
of the aggregate grains are in three levels, which are 4∼
8, 2∼4, and 0.5∼2, respectively. The aggregate numbers of
these three kinds are 34, 379, and 26198, respectively, and the

Figure 2: The aggregate and interface.
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Figure 3: Two-graded ellipsoids randomly distributed region,
where the aggregate volume ratio is higher than 45.30%.

volumes of these three aggregates are 5489.1000, 4050.0000,
and 4050.0000, respectively.The volume ratio is about 4 : 3 : 3.
The aggregate total volume is 13589.0000, about 50.33% of
the total volume of the specimen. The computational time is
about 389 hours.

In Figure 5, we present a simulation of a specimen of four-
graded with pebble aggregate concrete where cement mortar
and the interfacial zones are not included. The region size
is [0, 45] × [0, 45] × [0, 45]. All the random variables are
assumed to satisfy some uniform distribution.The diameters
of the aggregate grains are in four levels, which are 8∼15, 4∼8,
2∼4, and 0.5∼2, respectively. The aggregate numbers of these
four kinds are 19, 178, 1079, and 53704, respectively, and the
volumes of these four aggregates are 15035.6250, 15081.1875,
10023.7500, and 10023.7500, respectively. The volume ratio is
about 3 : 3 : 2 : 2. The aggregate total volume is 50164.31250,
about 55.05% of the total volume of the specimen. The
computational time is about 227 hours.

In the end of this subsection, we will present another
numerical result which is an extension of the numerical
results shown above. In this example, we use the contortion
of ellipsoids instead of ellipsoids themselves to simulate the
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Figure 4:Three-graded regionwith randomly distributed ellipsoids,
where the aggregate volume ratio is higher than 50%.
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Figure 5: Four-graded region with randomly distributed ellipsoids,
where the aggregate volume ratio is higher than 55%.

cobble aggregates. The contortion of ellipsoids is based on
the free-form deformation method, where the contraction-
expansion factor is used to control the deforming of an
ellipsoidwhich is expressed by parametric equation. Formore
information of the deformation of ellipsoid, please refer to
[14]. In Figure 6, we give a model of the deformation of
ellipsoid and corresponding interface. In Figure 7, we present
an example which is based on Figure 3. All the ellipsoids and
interfaces in Figure 3 are deformed to generate Figure 8. In

Figure 6: Cobble particles and interface.
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Figure 7: Two-graded irregular cobble particles random distribu-
tion region, where the aggregate volume ratio is higher than 43.2%.

this case, the volume of all aggregates is 1458.1003, which is
about 43.20% of the whole volume. The computational time
is about 10.5 hours.

4.2. The Finite Element Mesh Generation and Stress Analysis.
To demonstrate the effectiveness of the proposed method
in the research of the concrete numerical simulation, we
are going to do a mesomechanics analysis of concrete with
a nonlinear finite element stress analysis on the specimen
shown in Figure 4. The corresponding finite element mesh is
generated by ABAQUS software, where we treat the concrete
specimen as mixed two-phase materials and ignore the
interface units. In theABAQUS, the background gridmethod
is used to determine different content with different phase
and all the background grid is the type of C3D8R unit. The
unit edge length in the mesh is set as 3mm. The final finite
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Figure 8: Constraints establishment and load displacement.

Table 1: The mechanical parameters of different phase materials.

Material
type

Elastic
modulus
(/Gpa)

Poisson
ratio

Tensile
strength
(/Mpa)

Ultimate
cracking
strain

(mm/m)
Mortar 26 0.22 3.0 0.5
Aggregates 55.5 0.16 — —

element mesh consists of 132651 knots, 125000 background
units, 48079 aggregate units, and 76921 mortar units.

To see whether the finite elements mesh generated above
is effective or not, we do the uniaxial tensile test. Specifically,
the test is to make the vertical displacement with constraints
in the bottom of the specimen, where we fix the central
point of the bottom. To get the softening curve, we use the
displacement loading method, where 0.1mm deformation is
loaded from the top of the specimen and the displacement
increment is controlled. The mechanical parameters are
listed in Table 1. The constraints establishment and the load
displacement are illustrated in Figure 8. Finally, we present
the nephogram of the damage of the specimen in Figure 9
as well as the tensile damage image of the specimen units in
Figure 10.

From the damage plan of the concrete specimen we can
see that most of the damaged parts happened in the central
part of the specimen. The cracks first occur in the mortar
units and then keep extending to pass through the specimen
until the specimen is destroyed. During this process, the
cracks are always close to the aggregates but never pass
through the aggregates. These phenomena agree with the
real-world static loading and demonstrate that the specimen
generated by the proposed method can be used to further
research in the field of cement concrete.

5. Conclusions

In this paper we propose one novel method to simulate
a domain with large numbers of randomly distributed
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Figure 9: Nephogram of the damaged.
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Figure 10: The tensile damage image.

ellipsoids. Numerical results show that the proposed method
is effective and efficient. Comparing with the existing meth-
ods, the proposedmethod has the following advantages. (1) In
the simulation of the concretematerial, the proposedmethod
can generate a specimen with ellipsoids aggregates content
higher than 55% according to four-graded aggregates, higher
than 50% according to three-graded aggregates, and higher
than 45% according to two-graded aggregates, respectively.
Considering that it is hard for the existing methods to
generate a specimen with aggregate content higher than 30%,
the proposed method gives a great improvement. (2) The
proposed method makes the best of the parametric equation
of ellipsoid to determine the relation between a spatial point
and the generated ellipsoids and to calculate the distance
between a spatial point and the generated ellipsoids.This idea
reduces not only the computational complexity in a great
degree but also the repellence between different ellipsoids.
(3) If the ellipsoids generated by the proposed method are
used as covering interface then the cobble aggregates and
crushed stone aggregates can be easily achieved with proper
deformation. These deformations, actually, can present more
geometric models of the concrete aggregates, which can be
used in the mesolevel mechanical analysis of the concretes.
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