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Aspects of numerical results from computational experiments on representative volume element (RVE) prob-
lems using finite element analyses are discussed. Two different boundary conditions (BCs) are examined and
compared numerically for volume elements with different sizes, where tests have been performed on the uniax-
ial tensile deformation of random particle reinforced composites. Structural heterogeneities near model boundar-
ies such as the free-edges of particle/matrix interfaces significantly influenced the overall numerical solutions,
producing force and displacement fluctuations along the boundaries. Interestingly, this effect was shown to
be limited to surface regions within a certain distance of the boundaries, while the interior of the model
showed almost identical strain fields regardless of the applied BCs. Also, the thickness of the BC-affected regions
remained constant with varying volume element sizes in the models. When the volume element size was large
enough compared to the thickness of the BC-affected regions, the structural response of most of the model
was found to be almost independent of the applied BC such that the apparent properties converged to the effective
properties. Finally, the mechanism that leads a RVE model for random heterogeneous materials to be rep-
resentative is discussed in terms of the size of the volume element and the thickness of the BC-affected region.

Keywords: computer simulation, representative volume element, boundary conditions, heterogeneous materials,

micromechanics

1. INTRODUCTION

The homogenization of randomly microstructured hetero-
geneous materials has been a subject of continuing interest
for many years, since most engineering materials have ran-
dom and heterogeneous microstructures in nature (e.g. poly-
crystalline alloys, dual- or multi-phase alloys, porous materials,
composites, etc.). Textured metal materials such as hot-rolled
steel have crystallographic and morphological orientations,
but still have randomness and non-repeatability in their micro-
structures. For this purpose, a wide variety of semi-analytical
and numerical methods have been developed in the literature.
In this regard, the development of representative volume ele-
ment (RVE) approaches, in conjunction with numerical meth-
ods such as the finite element method (FEM), has enabled
the prediction of the full 3D mechanical response of hetero-
geneous materials undergoing motion or deformation [1-4].
This approach has been well documented for studying the
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response of randomly distributed filaments [5,6], spherical
inclusions at the microscale [7-9], porous microstructure [4], and
the crystal plasticity model for polycrystalline [2] or dual-phase
steel on fracture toughness [10] and void formation [11].

In the literature, several definitions of a RVE have been
proposed for different purposes. According to Hill [12], the
RVE should be a volume of heterogeneous material that is
sufficiently large to be statistically representative, ensuring a
sample is taken of all microstructural heterogeneities that occur
in the composite. He stated that the apparent overall moduli
of the RVEs should be independent of the surface values of
traction and displacement, as long as these values are macro-
scopically uniform. This definition proposed by Hill was later
extended by Hashin [13]. He suggested that the RVE should be
large enough to contain sufficient information on the micro-
structure in order to be representative; however, it should be
much smaller than the macroscopic body (This is commonly
known as the Micro-Meso-Macro principle). Another defini-
tion of the RVE was recently proposed by Drugan and Willis
[14]. They asserted that the RVE should contain the smallest
volume of material to define the macroscopic structure, but
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the volume should be large enough to remain constitutively
valid. Kanit et al. [3] later proposed the definition that the
RVE be regarded as a volume V sufficiently large to be sta-
tistically representative of the material. This is derived from
the knowledge of the statistical nature of the microstructure
in order to characterize the macroscopic constitutive response
of a heterogeneous material. They also stated the definition based
on statistical properties that the RVE must ensure a given
accuracy of the overall estimated properties obtained by spatial
averaging of the stress, the strain, or the energy fields.

For practical use, one of the most important points in the
RVE approach is the determination of the appropriate size of
the volume elements of heterogeneous materials to be com-
puted in order to get a precise enough estimate of effective
properties. As the size of the RVE increases, it is appropriate
to present the deformation behaviors of real microstructure
as long as a sufficient number of microstructural factors are
considered. However, in practice computational costs usu-
ally limit the possible number of microstructural factors (e.g.
number of inclusions, grains, pores, etc.) that can be handled
in the simulation of one volume element ¥V, whose limited
volume is generally less than the RVE of the material [3]. In
this case, the properties that can be computed are not neces-
sarily the desired effective properties, but merely the appar-
ent properties of the investigated volume. It is known that
the RVE is morphology and property dependent, so that a
well-suited parameter is necessary for quantitative compari-
sons. Such a parameter has been proposed by Kanit ez al. [3]
and Gitman et al. [7], and utilized for many RVE studies
[6,8,10,15-17].

When estimating the mechanical or physical properties of
heterogeneous materials using RVEs, another important point
to consider is the choice of appropriate BCs, since the appar-
ent properties of the volume element are influenced by the
type of BCs used in the simulations. In RVE approaches, several
types of BCs can be prescribed on V' to impose a given mean
strain or mean stress on the material element. As stated by Sab
[18] and Kanit [3], the response of the RVE must be inde-
pendent of the type of BCs. In Refs. [19,20], Huet derived
relationships between the apparent physical properties obtained
from a large microstructure and from a set of smaller ones
resulting from the uniform partitioning of the original sam-
ple. He considered three different BCs for his study: the first
was the kinematic uniform boundary condition (KUBC), the
second was the static uniform boundary condition (SUBC)
and the third was the orthogonal mixed boundary condition
(OMBC). One of the main conclusions drawn from these stud-
ies was that the effective properties were bounded by the
ensemble average of the results obtained on the set of smaller
specimens. The effective properties were shown to always fall
between the apparent properties associated with the SUBC
and KUBC. He also showed that when a large specimen (or
microstructure) is considered as RVE, the apparent proper-
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ties found with both SUBC and KUBC are almost identical
and therefore were almost equal to the effective properties of
the material. These conditions will be discussed in more
detail in Section 2.2 of the paper.

Although a lot of research has focused on determining the
proper size and representativity of RVEs, the mechanical origin
of the discrepancy between the apparent properties obtained
with different BCs and with the effective properties is not yet
clearly established in the literature. Since the accuracy and
representativity of RVEs are strongly related to the discrep-
ancies between the solutions obtained with different BCs,
more fundamental research on these discrepancies would be
worthwhile to quantify the representativity of RVE models
for better understanding and exploitation. The study presented
in this paper aimed at researching this phenomenon, namely
the different mechanical responses of RVEs associated with
different types of BCs and with different volume element
sizes. Numerical investigations were carried out to simulate
the uniaxial tensile deformations of elastic, dual-phase ran-
dom heterogeneous microstructures with two different BCs.
Comparisons of the strain fields which were induced by the
two different boundary conditions allowed a mechanical sce-
nario to be established describing how the specific volume
element of random microstructures could be representative
of the whole structure, and could be used to estimate its effec-
tive properties.

2. NUMERICAL PROCEDURE

2.1. Model geometry, finite element meshes and materi-
als properties

A good example to study the general aspect of simulating
random heterogeneous media behaviors is probably the spher-
ical particle reinforced composite model, since it has a relatively
simple, dual-phase microstructure within which the particle
distribution is random [8,9]. In this paper, testing was con-
ducted on a composite material with spherical reinforcing
phases. Because the main purpose of this paper was to inves-
tigate the effect of different types of BCs on the mechanical
responses of RVE models, simple plane stress was considered
using a 2D model of the microstructure of the composite.

The 2D volume elements for the random particle reinforced
composite were produced by a random sequential adsorption
(RSA) algorithm [21]. The RSA algorithm used for the gen-
eration of the volume elements involved adding spherical
particles sequentially to square areas by randomly generating
the center point of each particle. During the RSA procedure,
newly generated candidate particles were deleted if they
overlapped with any particles that had been generated previ-
ously. The minimum distance between each particle was set
to one tenth of the radius of the particles, which was imposed
by the practical limitations of creating an adequate finite ele-
ment mesh in the matrix between particles. Further details as
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well as the flow chart of this procedure can be found in the
authors’ previous publications [22,23]. The RSA algorithm
in combination with the above conditions was used to gener-
ate the volume elements of the composite microstructure. The
diameter of the reinforcing particles was chosen to be 1 mm.

The constitutive equations adopted for modeling the response
of the phases were based on a simple standard linear elastic
framework. Thus the material properties of each phase were
defined by two parameters: Young’s modulus (£) and Pois-
son’s ratio (v). These material parameters are given in Table 1.
As shown in Table 1, the elastic modulus of the particles was
set higher than that of the matrix, as is the case for ceramic
particle reinforced aluminum matrix composites. All of the
finite element calculations were performed with the commercial
ANSYS software [24].

Table 1. Mechanical properties of the reinforcement particles and
the matrix material used for the simulations

Material Elastic modulus (E/GPa) Poisson’s ratio (v)
Matrix 68 0.36
Particle 470 0.17

Fig. 1. Model geometries and meshes of volume element models
with different sizes. (a) 55 mm’, (b) 10x10 mnr’, (c) 15%15 mm’,
(d) 25x25 mm’, and (e, f) 15x15 mm’ with 5 and 10% particle
volume fractions, respectively.
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In order to address the effect of volume element size in RVE
modeling, several different square volume elements with
side lengths L of 5, 10, 15, and 25 mm were generated using
the RSA algorithm. Figures 1(a)-(d) show the typical geom-
etries and finite element meshes of the volume elements with
a particle volume fraction of 15% for different sizes of the
models. To investigate the effect of the volume fraction of
the particles, two additional models with volume fractions of
5 and 10% were also reconstructed using the same algorithm,
with a fixed side length of 15 mm (Figs. 1(e) and (f)). The
models were meshed with four-node quadrilateral elements
using the automatic meshing algorithm provided by ANSYS.
The meshes were made finer near the particle/matrix inter-
faces, and the mesh densities for each volume element model
were set similar to one another to avoid any mesh density
related errors in comparative studies.

2.2. Boundary conditions

According to previous work by Hill [12], the necessary
and sufficient conditions for equivalence between the ener-
getically and mechanically defined properties of elastic materi-
als are contained in the Hill condition:

(o:6) = (0):(&) 1

where oand ¢ are the stress and strain tensors, respectively.
The bracket ‘( )’ means a volume average of the variable.
This condition means that the average of the product of the
stress and strain tensors at a lower (micro) level equals the
product of their averages at a higher (macro) level. Using
Gauss’ theorem, the above condition can be generalized to
heterogeneous materials as [25]:

| (tx)=(om)- (u(x)—(&)x)dI @)

where 7" is the boundary of a volume element V and ¢, u, n,
x are the traction, displacement, normal, and position vectors,
respectively. As stated by Hazanov and Amieur [26] and
Ostoja-Starzewski [15], this condition requires that the body
be loaded in a specific way on its boundary /" to form a finite
heterogeneous body. Furthermore, considering the decomposition
of the displacement vector into a homogeneous deformation
# and a fluctuation field # along the boundaries of V] the
following conditions must be satisfied:

u=u-+ti 3)

e o -

I—/_[]_(u®n+n ®ir)dA 4)
for a boundary area 4 and with » the outward normal vec-
tor to /' It is then possible to classify the type of boundary

conditions in terms of their fluctuating part. A typical clas-
sification with descending restrictiveness for satisfying this
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condition (on boundary I") is as follows:

1. KUBC: the displacement u along the entire boundary of
V' is homogeneous, i.e. no boundary strain fluctuations are
feasible.

n=0,u(x)=¢ )

2. Static uniform (SUBC) or traction control boundary
condition: the traction vector ¢ at the boundary of V'is given by:

t(x)=on (6)

3. Orthogonal mixed (OMBC) or uniform displacement-
traction condition:

(t(x)-on) (u(x)—&ex)=0,2=0 @)

4. Periodic boundary condition (PBC): The fluctuation field
has the same value on opposing points of the volume element.
For any opposing points x; and x; , the fluctuation strain has
to satisfy

n(xy) = a(xy) (8)
where, £ and o denote macroscopically prescribed con-
stant tensors.

With the OMBC, different combinations of the prescribed
boundary vectors are possible but have to fulfill the Eq. 7. For
uniaxial tensile or compressive deformation analysis using
the OMBC, uniaxial displacement along one direction of V'
with free lateral boundaries has been frequently used in the
literature (e.g. [20,27,28]). In general, the apparent moduli
obtained with the KUBC and SUBC can respectively be
thought of as upper and lower bounds for the effective mod-
uli, and the ones obtained with the OMBC and PBC usually
lie in between these bounds. With increasing volume ele-
ment ¥, the moduli obtained with the KUBC and SUBC gen-
erally become close, and for sufficiently large volumes V, the
apparent moduli no longer depend on the type of BCs and
converge to the effective modulus.

It can be noted that the main differences between the above
BCs are related to the handling of (or restrictions for) the
fluctuation field & along the boundaries. Therefore, the
fluctuation field can be considered the primary factor
determining the discrepancy between the solutions obtained
with different types of BCs. It is worth noting here that the
difference in solutions between the models with the SUBC
and OMBC with free lateral boundaries is solely due to the
fluctuation field # in uniaxial deformation, thus a comparison
between the two using identical model geometries would give
quantitative information about the effect of the fluctuation
field on the overall solution. Thus, in this study simulations
were only performed with the SUBC and OMBC and the
results obtained under these two conditions were compared.

Uniaxial tensile simulations were carried out to find the
apparent moduli and access the stress and strain fields associated
with the two types of BCs just mentioned. For the SUBC, a
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traction load of 50 MPa was applied on one face of each
volume element while the homogeneous deformation # on
the opposite face along the loading direction was fixed and
all the other faces were free of forces. For the OMBC, the
same procedures were applied but # = 0 was set for all faces
so that the volume elements remained orthorhombic during
uniaxial deformation.

3. RESULTS AND DISCUSSIONS

3.1. Different strain fields associated with the SUBC and
OMBC

Firstly, load-displacement curves were calculated with the
SUBC and OMBC assuming plane stress. The next step was
to obtain apparent moduli for each volume element using the
slope of the load-displacement curves. The apparent moduli
obtained with the SUBC and OMBC are plotted as a function
of volume element size in Fig. 2. As can be seen in the figure,
the moduli obtained with the SUBC and OMBC differ for small
volume element sizes, which is perhaps due to the different
stress and strain fields associated with the fluctuation field #&
along their boundaries. The apparent moduli obtained with
the SUBC and OMBC converge towards the same value with
increasing volume element size, which can be thought of as
the effective modulus of the composite microstructure. In most
cases, the modulus obtained with the SUBC is lower than for
the OMBC, except for L =25, where the moduli obtained by
these two conditions are almost identical.

In order to investigate the mechanism that leads to this dis-
crepancy in apparent moduli between the SUBC and OMBC,
the difference in strain fields associated with the two BCs
was studied in detail. This was done by considering the dif-

Effective value

(2

D,

Elastic modulus (GPa)
o,
%

s [ESUBC
» EOMBC

10 15 20
Size of volume element (mm)
Fig. 2. Apparent elastic moduli obtained with the SUBC and OMBC
as a function of the volume element size, showing that the apparent
moduli converge to the effective value with increasing sizes. The
expected profiles for the two apparent moduli and the effective modu-
lus are also depicted, in dotted lines.
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ference between the elastic strains at each node point, as
detailed below.

Aca(r)| _ 23" ()-8 () ©)
mean SUBC OMBC
Eer (X) T&, (x)|

Here, A&,/(x) is the difference in elastic strain at node point x,
and £3/° and £9""°€ are the strain fields associated with the
SUBC and OMBC, respectively. The difference in the strain
was normalized with respect to the mean elastic strain, &7, "
Figure 3 shows one example of the difference in elastic
strain for a volume element with L = 15. Clearly, the differ-
ences in local strain between the two models are larger near
the model boundaries than in the inner part of the model.
Since the material parameters, finite element meshes and
a%%lli;ecd loads were all identical in the models for e‘f,U ¢ and
&, ,the discrepancies between the two can be thought of
as a direct consequence of the deformations associated with
i along the model boundaries. Figure 3 also shows enlarged
local strain fields associated with the two BCs (Figs. 3(e) and
(d)). The deformed boundary in the model with the OMBC
was flat due to the restriction of Eq. 5, while that with the SUBC
showed significant displacement fluctuations along the
boundaries. In the figure, large strain discrepancies between
the two models are observed near the free-edges of the particle/
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matrix interfaces at the boundaries, implying that the fluctu-
ations are mainly associated with model heterogeneities near
the boundaries.

3.2. BC-affected region

One interesting point in Fig. 3 is that the change in BCs
does not have much effect on the local strain fields in the
inner part of the models. This can be seen more clearly in
Fig. 4, where the elastic strain differences at all node points
are plotted as a function of their distance from the boundar-
ies. As shown in Fig. 4, with increasing distance from the
boundary, the discrepancy in strain between the two models
tends to decrease very sharply at first, and then stabilizes
near zero for distances greater than approximately 2.5 mm
(except for L =5, for which the maximum distance was 2.5 mm).
With L =25 for instance, more than 90% of node points
showed discrepancies less than 1.5% of their mean local strains
for distances from the boundaries greater than 2.5 mm. Another
interesting numerical aspect is that the thickness of the BC-
affected region (where the local stress and strain fields are
strongly affected by the particular BCs applied) is almost
independent of the size of the volume element. As shown in
Fig. 4, the thickness of the BC-affected region was approxi-
mately 2.5 mm for all volume element sizes considered in
the study.

SUBC
Eel

0.001 BE4 6E4 4E4 0
1 1 ey

@) ggMBC

Fig. 3. Elastic strain fields associated with (a) the OMBC and (b) the SUBC. (c) Normalized difference in elastic strain, and (d, e) enlarged con-

tours of the elastic strain fields.
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Fig. 4. Normalized differences in elastic strain at all finite element node points as a function of their distance from the boundaries, for volume ele-
ments with different side lengths (a) L =5, (b) L =10, (¢c) L= 15, and (d) L = 25.

As stated by many researchers [3,18,27], the size of a RVE
can be related directly to the convergence of the apparent
properties obtained with different types of BCs. Indeed, when
a volume element is large enough to be representative of the
whole microstructure, its apparent properties are indepen-
dent of the type of BCs applied. Theoretically therefore, if
the volume element V' is a RVE, the difference in apparent
moduli obtained with the SUBC and OMBC must vanish.
When interpreting the present numerical results, this condition
may be achieved in practice for linear elastic problems when
the volume element is significantly larger than the thickness
of the BC-affected region. As shown in Fig. 2, the profiles of
the apparent moduli with both the SUBC and OMBC approach
the effective modulus nonlinearly with increasing L, with
logarithmic-like curvatures. This kind of behavior can also
be found in many previous researches (e.g. Refs. [3,29]) and

can be understood by considering that the proportion of BC-
affected region in the volume elements is inversely related to
L by a negative power function (specifically, for a certain
thickness ¢, the proportion of BC-affected region in the total
volume varies as 4tL"'-4t’L ™ in the 2D case), if the thickness
of this region from the model boundaries remains the same.

3.3. Effect of the particle volume fraction and the nonlinear
material parameter

The effect of the particle volume fraction on the thickness
of the BC-affected region was estimated with the models
shown in Figs. 1(e) and (f), following the same procedure
used in Section 3.2. Figure 5 plots the thickness of the BC-
affected region as a function of the particle volume fraction
for volume elements with L = 15. It clearly shows that the parti-
cle volume fraction has significant impact on the thickness of
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Fig. 5. Effect of the particle volume fraction on the thickness of the
BC-affected region for a volume element with a side length L = 15.

(b) l‘_.E‘;!l.Hi(.‘

OMEC
(a) &

Fig. 6. Total strain field for a model subjected to plastic deformation
associated with (a) the OMBC and (b) the SUBC; and (c) the normal-
ized difference in total strain.

the BC-affected region. As the particle volume fraction increases
from 5 to 15%, the thickness of the BC affected region increases
from 1.5 to 2.5 mm. It seems that the more particles are included
in the model, the more heterogeneity is introduced, which
can increase the structural fluctuation along the model boundar-
ies. This result suggests that the (absolute) RVE volume should
be larger when the model deals with larger particle volume
fractions.

Figure 6 shows the differences in total strain (& = & + &)
obtained with different BCs for a RVE with L = 15 when the
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Fig. 7. Normalized differences in (a) elastic strain, (b) plastic strain at
all finite element node points when the model is subjected to plastic
deformation.

matrix material is subjected to nonlinear elastic-plastic deforma-
tion. The tendencies of the results with plasticity and for the
pure elastic case are almost identical. As shown in the figure,
large differences in the total strain are calculated in the vicin-
ity of the boundaries while in the interior, the total strain esti-
mated with the two different BCs is almost identical. Figures
7(a) and (b) plot the differences between elastic and plastic
strains, respectively, at all node points as a function of their
distance from the boundaries. Interestingly, Fig. 7(a) shows
that the BC-affected region gets thinner from 2.5 mm (for
the pure elastic case) to approximately 1 mm when the plas-
ticity of the matrix is introduced. This means that plasticity
leads to reduced structural fluctuation, probably because a
portion of the applied force turns to plastic deformations in
this case. On the other hand, the difference in the plastic
strain of the models with the two BCs is more significant
compared to the elastic strain of them. Comparing Fig. 7(b)
with Fig. 4 clearly shows that both the magnitude of the dif-
ference in strain and the thickness of the BC-affected region
increase markedly with the introduction of plasticity. Figure
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7(b) shows that the thickness of the BC-affected region with
plasticity is 4.5 mm when the plastic strain is considered. A
larger volume element would therefore be required for numeri-
cal simulations with plasticity, in agreement with previous
observation by Gitman et al. [7], which clearly shows that
the variation between RVE models becomes significant when
plasticity is considered.

3.4. Discussions

Based on the numerical results and considerations pre-
sented in Sections 3.1-3.4, the following mechanism can be
proposed through which the apparent properties of RVEs
approach the effective ones with increasing the size of V.
When an external stress is applied to a certain heterogeneous
volume element, force and/or displacement fluctuations are
produced along the boundaries of the volume, depending on
the type of BC used. This fluctuation disturbs the internal
stress and strain fields near the boundaries, making the appar-
ent properties of the volume differ from the effective ones.
If the thickness of this BC-affected region is independent of
the size of the volume element, its proportion in the overall
volume decreases logarithmically with increasing volume
element size and the apparent properties obtained with differ-
ent types of BCs approach the effective ones. In this case, a
volume element is representative of the whole structure when
its size is large enough that the effects of force/displace-
ment fluctuations near the boundaries are negligible. On the
other hand, if the BC-affected region spreads into the interior
of the element with increasing volume element size, a RVE
may not exist and the effective properties cannot be obtained
in practical modeling approaches due to the absence of conver-
gence between the apparent properties associated with differ-
ent types of BCs. With heterogeneity and nonlinearity, the
required volume increases since the thickness of the BC-
affected region increases, as shown in Section 3.3.

Although this study covers an important fundamental aspect
of RVE approaches, several important issues still need to
be understood. For instance, this study has been limited to
a secondary phase with a fixed shape and size and particle
volume fractions below 15%. Another limitation of this study
lies in its consideration of only two types of BCs. A detailed
study using more complex geometries and various material
parameters is required for a better understanding of the
interesting phenomena revealed in this study. These inves-
tigations are presently underway and will be reported in a
later paper.

4. SUMMARY AND OUTLOOK

In the literature several types of BCs have been developed
and used for evaluating the homogenized mechanical properties
of heterogeneous media with RVE approaches, as shortly
introduced in Section 2.2 of this paper. However none of these
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represent the actual deformation characteristics of volume
elements in real materials, since in real materials internal local
deformations are non-periodic and highly random. Using the
simple numerical test of uniaxial loading in a random parti-
cle composite, this paper proposes guidelines for these unre-
alistic boundary conditions to be used to estimate effective
material properties.

The local and overall deformation characteristics of a ran-
dom composite material were analyzed using models with
different volume element sizes and with two types of BCs,
the SUBC and OMBC. The main difference between the two
BC:s lies in the presence of a strain fluctuation field & along
the model boundaries in the SUBC, while this is prohibited
by the OMBC. Comparisons between the deformed geome-
tries of the models with two different BCs showed that stress
or displacement fluctuations developed during deformation
along the model boundaries. Interestingly, strain fields asso-
ciated with the two sets of BCs differed only near the model
boundaries, while the inner parts of the models showed almost
identical strain fields. It seems that thickness of this BC-
affected region is independent of the size of the volume ele-
ment in the model. For the composites containing 15% spheri-
cal particles with a radius of 1 mm considered in this study,
the thickness of the BC-affected region remained approxi-
mately constant (~2.5 mm) when the size of the model was
increased from 5 to 25 mm. With increasing volume element
size, the proportion of BC-affected regions in the element
decreased and the apparent properties obtained with different
types of BCs became close to each other and converged to
the effective ones.

The effect of the particle volume fraction was investigated
using models with the same size but with different particle
contents. The effect of the plasticity of the matrix was also
investigated. As the volume fraction of the particles was increased
from 5 to 15%, the size of the BC-affected region increased
from 1.5 to 2.5 mm. The thickness of the region also increased
with plasticity to approximately 4.5 mm. This suggests that with
a higher volume fraction of the secondary phase and with
nonlinear material deformation, a larger volume has to be
considered in the model.

The results of this paper indicate that there are fundamental
principles for RVE models to be representative of real micro-
structures, and these are closely related to the thickness of
the BC-affected region in the model. For example, if the thick-
ness is independent of the size of the volume element, RVEs
exist in practice because the apparent properties of the vol-
ume element will continuously approach the effective ones
as the size of the volume element is increased. In contrast, if
the BC-affected region spreads into the interior of the volume
element as its size is increased, a RVE may not exist and the
apparent properties obtained with different types of BCs will
remain different even when significantly larger volumes are
considered. As such, the mechanism proposed in this paper
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can serve as a guide to determining the existence of a RVE
for certain research purposes or for quantifying the potentials
errors in the apparent properties predicted. These investiga-
tions, now under study, would be very useful for estimating
the representativity of RVEs, especially for more complicated
and nonlinear simulations, for instance of plasticity, fatigue,
and creep behaviors.
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