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MODELING METHOD FOR HIGH-DENSITY
DISCRETE PARTICLE MULTIPHASE
SYSTEM

FIELD OF THE INVENTION

[0001] The present invention belongs to the field of com-
putational materials science, specifically relates to a meso-
scale modeling method for a meso-structure of a high-
density discrete particle multiphase system, and particularly
relates to a modeling method for a meso-structure of a
particle reinforced composite material, a granular material in
soft matter, a particle accumulation material or the like,
which can also be extended to a short fiber reinforced
composite material.

BACKGROUND OF THE INVENTION

[0002] In particle reinforced composite materials and soft
matter systems composed of particles such as concrete and
debris flow, the properties of the materials, such as mechani-
cal properties and transport properties, are heavily depen-
dent on the meso-structures of the materials. Therefore,
multi-scale modeling on the structures of such materials is of
great significance for the performance analysis of the mate-
rials and the optimization of the material structures.

[0003] As complex multi-scale discrete media, granular
materials can be considered as random accumulation struc-
tures composed of particles of different scales. The voids
between the particles are usually filled with media such as
matrix materials, interfaces, pores, or fluid. To correctly
describe the performance of a discrete particle multiphase
system, the multi-scale structure of the system, especially
the accumulation structure of the particles, should be cor-
rectly described first.

[0004] For randomly accumulated particles, the main
modeling methods currently used include a random place-
ment method, a Voronoi method, etc. The random placement
method, also known as the Monte Carlo method, assigns the
positions of particles one by one within given time and space
in a certain order. Once the assignment is successful, the
placement is successful and the particles are fixed at the
assigned positions. The Monte Carlo method is highly
efficient, but the packing density of the particles is very low.
The later the placement is, the smaller the selection space of
random points is, the more difficult the placement is, so that
it is difficult to place all the particles into the limited model
space. A material with a certain structure often exists in the
engineering practice, but its meso-scale structural model
cannot be generated. Although the Voronoi method can
easily generate densely distributed random particles, it can-
not control the grading of the particles, that is, cannot control
the volume ratio or weight ratio of the particles of different
particle sizes. In addition, the Voronoi method is mainly
suitable for convex particles, not suitable for concave par-
ticles, or both convex and concave particles.

[0005] Chinese Patent Document 201510345395.3 dis-
closes a modeling method for a meso-structure of a discrete
phase reinforced composite material, in which randomly
distributed particles are generated in a large space, then the
surface of the particles is divided into shell elements, the
free fall motion of the particles to a small space is simulated,
and a high-density particle stacking structure is thus gener-
ated. The method can solve the problems that the packing
density of the particles is insufficient in the methods of
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random placement, and the problems that the Voronoi
method cannot be used for concave particles and cannot
control the grading of particles, but the upper surface of the
accumulation body may not be flat after falling, the calcu-
lation of the falling process is also time-consuming, and the
calculation cost is high due to two times of meshing of shell
and solid elements. In addition, this method is very effective
when all particles are inside a particular space, but special
treatment is required when the particles intersect with the
model boundary.

SUMMARY OF THE INVENTION

[0006] In view of the shortcomings in the prior art, the
objective of the present invention is to provide a modeling
method for a high-density discrete particle multiphase sys-
tem. The method can be used for high-density meso-struc-
ture modeling on particle reinforced composite materials,
granular materials in soft matter, particle accumulation
materials, short fiber reinforced composite materials, etc.
The method has the advantages of the invention described in
Chinese Patent Document 201510345395.3, and has the
characteristics of simplicity, wide adaptability, high calcu-
lation efficiency and the like.

[0007] In order to achieve the above objective, the tech-
nical solution of the present invention is as follows:
[0008] A modeling method for a high-density discrete
particle multiphase system, comprising the following steps:
(1) drawing up the contour shape and size of a model, that
is, determining a modeling space and a boundary thereof;
(2) drawing up the volume sum of particles within each size
range according to a predetermined grading, that is, setting
the volume sum of particle phases within a size range of i to
jtobe Vi

(3) randomly obtaining a plurality of particle models within
a size range of ixa to jxa in the modeling space, wherein
o<1, the volume sum of the particle models is V, yxf3, each
particle does not interfere with the surrounding particles,
and a compact model of each particle within the size range
of'ito j is obtained;

(4) repeating step (3) to generate compact models of par-
ticles within all size ranges; and

(5) expanding the volume of the compact model of each
particle in step (4) in the modeling space of step (1), that is,
expanding the size of the compact model of each particle by
1/o times, and expanding the volume by 1/f times too,
thereby expanding the compact model of each particle to a
normal-sized model conforming to the predetermined grad-
ing in step (2), where the obtained particle distribution
model is the desired high-density particle structure model.
[0009] Compared with the prior art, the technical solution
of the present invention has the following beneficial tech-
nical effects:

(1) Since each particle is generated at a random point, the
uniformity of spatial distribution of the particles can be
ensured.

(2) Since the compact model of each particle is generated
first, it is easy to find a random point to place the next
particle, and solves the problem that the existing random
placement method hardly find or fundamentally cannot find
a random point to place the next particle in the given time.
(3) The compact models of the particles in various shapes
can be generated according to the predetermined grading,
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thereby solving the problem that the Voronoi method cannot
be used for concave particles and cannot control the grading
of the particles.

(4) The method solves the modeling problem when the
particles intersect with the model boundary, and can be
applied to the modeling and analysis of composite speci-
mens having the machined surface.

(5) The particle packing density consistent with the real
material can be obtained by expanding the compact models,
and the problem that a high-density model cannot be
obtained by the methods of random placement and the like
is solved.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The accompanying drawings constituting a part of
the present invention are used for further understanding the
present invention, and the schematic embodiments of the
present invention and the description thereof are used for
interpreting the present invention, rather than constituting
improper limitation to the present invention.

[0011] FIG. 1 is a schematic diagram of a compact model
of each particle randomly generated in a modeling space;
[0012] FIG. 2 is a finite element mesh diagram of a
high-density model obtained by expanding and redistribut-
ing each particle in the compact model;

[0013] FIG. 3 is a comparison diagram of the compact
model and the expanded model.

REFERENCE Signs

[0014] 1—compact particle model, 2—model bound-
ary, 3—finite element mesh of normal-sized particles
obtained after expansion, 4—expanded normal-sized
particle model.

DETAILED DESCRIPTION OF EMBODIMENTS

[0015] It should be pointed out that the following detailed
descriptions are all exemplary and aim to further illustrate
the present invention. Unless otherwise specified, all tech-
nical and scientific terms used in the descriptions have the
same meanings generally understood by those of ordinary
skill in the art of the present invention.

[0016] It should be noted that the terms used herein are
merely for describing specific embodiments, but are not
intended to limit exemplary embodiments according to the
present invention. As used herein, unless otherwise explic-
itly pointed out by the context, the singular form is also
intended to include the plural form. In addition, it should
also be understood that when the terms “include” and/or
“comprise” are used in the specification, they indicate fea-
tures, steps, operations and/or their combination.

[0017] As described in the background, the prior art has
certain shortcomings in modeling methods for randomly
accumulated particles. In order to solve the above technical
problems, the present invention proposes a modeling
method for a high-density discrete particle multiphase sys-
tem, including the following steps:

(1) drawing up the contour shape and size of a model, that
is, determining a modeling space and a boundary thereof;
(2) drawing up the volume sum of particles within each size
range according to a predetermined grading, that is, setting
the volume sum of particle phases within a size range of i to
jtobe Vi
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(3) randomly obtaining a plurality of particle models within
a size range of ixa to jxa (including ixa and jxa) in the
modeling space, wherein a<l, the volume sum of the
particle models is V, ,xB, each particle does not interfere
with the surrounding particles, and a compact model of each
particle within the size range of i to j is obtained;

(4) repeating step (3) to generate compact models of par-
ticles within all size ranges; and

(5) expanding the volume of the compact model of each
particle in step (4) in the modeling space of step (1), that is,
expanding the size of the compact model of each particle by
1/o times, and expanding the volume by 1/f times too,
thereby expanding the compact model of each particle to a
normal-sized model conforming to the predetermined grad-
ing in step (2), where the obtained particle distribution
model is the desired high-density particle structure model.
[0018] For a particle reinforced composite material or a
granular material in soft matter or the like, voids between the
particles serve as a second phase, and a multiphase model is
thus generated.

[0019] In step (5), the method of expanding the compact
model of each particle includes the following steps:

a, dividing the boundary (referred to as model boundary) of
the modeling space in step (1) into finite element meshes,
and assigning material properties to the finite element
meshes;

b, dividing the particles in step (4) into finite element
meshes, and assigning material properties to the finite ele-
ment meshes;

¢, defining a contact judgment mode between the particles
and between the particles and the boundary of the modeling
space, so that they do not penetrate each other; and

d, applying a temperature or a heat flux load to the particles
by a finite element method to cause thermal expansion; after
1/ times thermal expansion, the sizes of the particles being
changed from ixo~jxa to i~j, and the volume sum of the
particles also being expanded by 1xf} times, from V, ;%[ to
V(i-j)'

[0020] Preferably, in step a, the model boundary is a
temperature-independent rigid material.

[0021] Preferably, in step b, the particles are of a ther-
moelastic material or a thermoplastic material, and further
preferably, the particles are of a thermoelastic material.
[0022] Preferably, in steps a-b, the particle models are
divided into shell or solid elements, and the model boundary
is of solid elements or shell elements.

[0023] Preferably, in step c, the contact mode is surface-
to-surface contact, or node-to-surface contact, or node-to-
node contact.

[0024] Preferably, in step (3), 0=0.4-0.9, f=c?, and it is
verified that the selected 0=0.4-0.9 can enable the model to
be generated more efficiently.

[0025] Preferably, the high-density discrete particle mul-
tiphase system is a particle reinforced composite material, a
granular material in soft matter (such as asphalt concrete or
debris flow), a particle accumulation material or a short fiber
reinforced composite material.

[0026] Preferably, in steps (1) to (3), the method of obtain-
ing a plurality of particle models within the size range of ixa
to jxa. includes the following steps:

a, randomly generating a point within the modeling space,
and generating a sphere having the diameter of ixa to jxa
by using the point as the center;
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b, judging whether the sphere generated in step a interferes
with the surrounding particles that have been generated,
deleting the generated sphere if the interference occurs, and
repeating step a;

¢, generating an inscribed polyhedron in the sphere, option-
ally selecting several vertexes of the polyhedron, and mov-
ing the polyhedron along the radius of the sphere to form
concave and convex surfaces so as to obtain a particle model
that approximates the real particle shape;

d, judging whether the generated particle interferes with the
model boundary, and if the interference occurs, deleting the
portion of the particle outside the model boundary;

e, calculating the volume of the particle model obtained in
step d;

f, repeating steps a~e, and summing the volumes of the
obtained particle models to obtain 2V; and

g, judging whether XV reaches V; ,xf, and if not, repeating
steps a~f.

[0027] In step a, the generated model is spherical, ellip-
soidal, cuboid, or in other shape similar to a sphere.
[0028] If the shapes of the particles can be directly
described by a mathematical equation, the particle models
are directly generated by the mathematical equation in steps
a~c, and step ¢ is omitted.

[0029] In step (5), the method of expanding the compact
model of each particle may also be the discrete element
method or the like.

[0030] The application of the above modeling method in
the modeling of a two-dimensional meso-structure is char-
acterized in that the volume in the above modeling method
is replaced by area, the sphere generated at the random point
is replaced by a circle, the inscribed polyhedron is replaced
by an inscribed polygon of a circle, and p=c®.

[0031] The application of the above modeling method in
the modeling of a fiber reinforced composite material is
characterized in that the sphere generated at the random
point in the above modeling method is replaced by a column,
and a fiber model is generated from the column.

[0032] In order that those skilled in the art can understand
the technical solution of the present invention more clearly,
the technical solution of the present invention will be
described in detail below in combination with specific
embodiments and the drawings.

Embodiment 1

[0033] A modeling method for a high-density two-dimen-
sional discrete particle multiphase system includes the fol-
lowing steps:

(1) drawing up the contour shape and size of a model, that
is, determining a modeling space and a boundary thereof,
e.g., a model boundary in FIG. 1, where 2 is a model
boundary;

(2) generating a compact model of each particle according to
a predetermined grading, e.g., a compact model of each
particle in FIG. 1, where 1 is a particle compact model;
(3) dividing the compact model of each particle into two-
dimensional plane elements, and assigning thermoelastic
material properties to the plane elements;

(4) dividing the model boundary into two-dimensional plane
elements, and assigning temperature-independent rigid
material properties to the two-dimensional plane elements;
(5) defining the contact between the particles and between
the particles and the model boundary to be surface-to-
surface contact, so that they do not penetrate each other; and
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(6) applying a temperature or a heat flux load to the compact
model of each particle in step (4) by finite element method
within the modeling space drawn up in step (1) to cause
thermal expansion, that is, expanding the size of the compact
model of each particle by 1/a times, and expanding the area
by 1/p times, where a=0.4~0.9. After 1/a times expansion,
the sizes of the particles are changed from ixa~jxa to i~j,
as shown in FIG. 3, which is a comparison diagram of
compact models and expanded models, where 1 is a particle
compact model, and 4 is an expanded normal-sized particle
model. The area sum of the particles also expands 1x[} times,
from S, ,xf to S ,, thereby expanding the compact model
of each particle to a normal-sized model conforming to the
predetermined grading in step (2).

[0034] The particle distribution model obtained at this
time is the desired high-density particle structure model. For
a particle reinforced composite material or a granular mate-
rial in soft matter or the like, voids between the particles
serve as a second phase, and a multiphase model is thus
generated.

[0035] In steps (1) to (2), the method of obtaining a
plurality of particle models within the size range of ixa to
jxa includes the following steps:

a, randomly generating a point within the modeling space,
and generating a circle having the diameter of ixa to jxa. by
using the point as the center;

b, judging whether the circle generated in step a interferes
with the surrounding particles that have been generated,
deleting the generated circle if the interference occurs, and
repeating step a;

¢, generating an inscribed polyhedron in the circle, option-
ally selecting several vertexes of the polyhedron, and mov-
ing the polyhedron along the radius of the circle to form
concave and convex surfaces so as to obtain a particle model
that approximates the real particle shape;

d, judging whether the generated particle interferes with the
model boundary, and if the interference occurs, deleting the
portion of the particle outside the model boundary;

e, calculating the area of the particle model obtained in step
f, repeating steps a~e, and summing the areas of the obtained
particle models to obtain XS; and

g, judging whether XS reaches S, ,xf3, and if not, repeating
steps a~f.

Embodiment 2

[0036] A modeling method for a three-dimensional meso-
structure of a high-density particle reinforced composite
material includes the following steps:

(1) drawing up the contour shape and size of a model, that
is, determining a modeling space and a boundary thereof;
(2) drawing up the volume sum of particles within each size
range according to a predetermined grading, that is, setting
the volume sum of particle phases within a size range of i to
jtobe Vi

(3) randomly obtaining a plurality of particle models within
a size range of ixa to jxa in the modeling space, wherein
0=0.6, the volume sum of the particle models is V, ,xf3,
each particle does not interfere with the surrounding par-
ticles, and a compact model of each particle within the size
range of i to j is obtained;

the method of obtaining a plurality of particle models within
the size range of ixa to jxa, including the following steps:
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a, randomly generating a point within the modeling space,
and generating a sphere having the diameter of ixa to jxa
by using the point as the center;

b, judging whether the sphere generated in step a interferes
with the surrounding particles that have been generated,
deleting the generated sphere if the interference occurs, and
repeating step a;

¢, generating an inscribed polyhedron in the sphere, option-
ally selecting several vertexes of the polyhedron, and mov-
ing the polyhedron along the radius of the sphere to form
concave and convex surfaces so as to obtain a particle model
that approximates the real particle shape;

d, judging whether the generated particle interferes with the
model boundary, and if the interference occurs, deleting the
portion of the particle outside the model boundary;

e, calculating the volume of the particle model obtained in
step d;

f, repeating steps a~e, and summing the volumes of the
obtained particle models to obtain 2V; and

g, judging whether XV reaches V; ,xf, and if not, repeating
steps a~f:

(4) repeating step (3) to generate compact models of par-
ticles within all size ranges; and

(5) expanding the volume of the compact model of each
particle in step (4) in the modeling space of step (1), that is,
expanding the size of the compact model of each particle by
1/o times, and expanding the volume by 1/f times too,
thereby expanding the compact model of each particle to a
normal-sized model conforming to the predetermined grad-
ing in step (2), where the obtained particle distribution
model is the desired high-density particle structure model.
[0037] The method of expanding the compact model of
each particle specifically includes the following steps:

a, dividing the boundary (referred to as model boundary) of
the modeling space in step (1) into finite element meshes,
and assigning temperature-independent rigid material prop-
erties to the finite element meshes;

b, dividing the particles in step (4) into finite element
meshes, and assigning thermoelastic material properties to
the finite element meshes;

¢, defining the contact between the particles and between the
particles and the boundary of the modeling space to be
node-to-surface contact, so that they do not penetrate each
other; and

d, applying a temperature or a heat flux load to the particles
by a finite element method to cause thermal expansion; after
1/ times thermal expansion, the sizes of the particles being
changed from ixa~jxa to i~j, and the volume sum of the
particles also being expanded by 1xf times, from V, ) xf3 to
Vi
[0(0{’0)8] The particle distribution model obtained at this
time is the desired high-density particle structure model. For
a particle reinforced composite material or a granular mate-
rial in soft matter or the like, voids between the particles
serve as a second phase, and a multiphase model is thus
generated.

[0039] Described above are merely preferred embodi-
ments of the present invention, and the present invention is
not limited thereto. Various modifications and variations
may be made to the present invention for those skilled in the
art. Any modification, equivalent substitution or improve-
ment made within the spirit and principle of the present
invention shall fall into the protection scope of the present
invention.
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1. A modeling method for a high-density discrete particle
multiphase system, comprising the following steps:

(1) drawing up the contour shape and size of a model, that
is, determining a modeling space and a boundary
thereof;

(2) drawing up the volume sum of particles within each
size range according to a predetermined grading, that
is, setting the volume sum of particle phases within a
size range of i to j to be V,

(3) randomly obtaining a plurality of particle models
within a size range of ixa to jxa in the modeling space,
wherein o<1, the volume sum of the particle models is
V(,_»*B, each particle does not interfere with the sur-
rounding particles, and a compact model of each par-
ticle within the size range of i to j is obtained;

(4) repeating step (3) to generate compact models of
particles within all size ranges; and

(5) expanding the volume of the compact model of each
particle in step (4) in the modeling space of step (1),
that is, expanding the size of the compact model of each
particle by 1/a times, and expanding the volume by 1/8
times too, thereby expanding the compact model of
each particle to a normal-sized model conforming to
the predetermined grading in step (2), where the
obtained particle distribution model is the desired high-
density particle structure model.

2. The modeling method according to claim 1, wherein the
high-density discrete particle multiphase system is a particle
reinforced composite material, a granular material in soft
matter, a particle accumulation material or a short fiber
reinforced composite material.

3. The modeling method according to claim 1, wherein in
step (5), the method of expanding the compact model of
each particle comprises the following steps:

a, dividing the boundary of the modeling space in step (1)
into finite element meshes, and assigning material
properties to the finite element meshes;

b, dividing the particles in step (4) into finite element
meshes, and assigning material properties to the finite
element meshes;

¢, defining a contact judgment mode between the particles
and between the particles and the boundary of the
modeling space, so that they do not penetrate each
other; and

d, applying a temperature or a heat flux load to the
particles by finite element method to cause thermal
expansion; after 1/a times thermal expansion, the sizes
of the particles being changed from ixajxa to i~j, and
the volume sum of the particles also being expanded by
Ixf times, from V,, ,xf to V,_,.

4. The modeling method according to claim 3, wherein in
step a, the model boundary is a temperature-independent
rigid material;

in step b, the particles are of a thermoelastic material or
a thermoplastic material;

in steps a~b, the particle models are divided into shell or
solid elements, and the model boundary is of solid
elements or shell elements;

in step ¢, the contact mode is surface-to-surface contact,
or node-to-surface contact, or node-to-node contact.

5. The modeling method according to claim 1, wherein in
steps (1) to (3), the method of obtaining a plurality of
particle models within the size range of ixa to jxa com-
prises the following steps:
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a, randomly generating a point within the modeling space,
and generating a sphere having the diameter of ixa to
jxa by using the point as the center;

b, judging whether the sphere generated in step a inter-
feres with the surrounding particles that have been
generated, deleting the generated sphere if the interfer-
ence occurs, and repeating step a;

¢, generating an inscribed polyhedron in the sphere,
optionally selecting several vertexes of the polyhedron,
and moving the polyhedron along the radius of the
sphere to form concave and convex surfaces so as to
obtain a particle model that approximates the real
particle shape;

d, judging whether the generated particle interferes with
the model boundary, and if the interference occurs,
deleting the portion of the particle outside the model
boundary;

e, calculating the volume of the particle model obtained in
step d;

f, repeating steps a~e, and summing the volumes of the
obtained particle models to obtain 2V; and

g, judging whether 2V reaches V, ,xf3, and if not, repeat-
ing steps a~f.
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6. The modeling method according to claim 1, wherein
voids between the particles are used as a second phase, and
a multiphase model is thus generated.

7. The modeling method according to claim 1, wherein in
step (3), 0=0.4~0.9, and f=c’.

8. The modeling method according to claim 1, wherein in
step (5), the method of expanding the compact model of
each particle may be a numerical method of discrete ele-
ments.

9. An application of the modeling method according to
claim 1 in the modeling of a two-dimensional meso-struc-
ture, wherein the volume in the above modeling method is
replaced by area, the sphere generated at the random point
is replaced by a circle, the inscribed polyhedron is replaced
by an inscribed polygon of a circle, and f=c.

10. An application of the modeling method according to
claim 1 in the modeling of a fiber reinforced composite
material, wherein the sphere generated at the random point
in the above modeling method is replaced by a column, and
a fiber model is generated from the column.
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