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A Comparative Investigation of Different Homogenization M ethods for Prediction
of the M acroscopic Propertiesof Composites

Qing-Sheng Yang’ 2, Wilfried Becker®

Abstract:  The present paper focuses on the compar-
ative investigation of different homogenization methods
for fiber composites, void solids and rigid inclusion me-
dia The effective properties of multi-phase media are
calculated by three methods, i.e. direct average method
of stress and strain, direct average method of strain en-
ergy and two-scal e expansion method. A comprehensive
comparison, in principle and numericaly, of these meth-
odsisemphasized. It isobviousthat the two direct aver-
age methods are identical in principle and therefore they
give the same numerical results. It is shown that the two-
scale expansion method is the same as the direct average
concept of field quantitiesin principle but is expressed
by different mathematical form so that it givesvery close
predictionswith that of direct average methods.

keyword:  composites; homogenization; effective

properties; micromechanics

1 Introduction

A composite body is an assembly of periodic mi-
croscopic unit cells or representative volume elements
(RVE), as shown in Fig.1. In a composite, al of global
characteristics are the same in any RVE, irrespective of
its position. Therefore, the analysis for the entire com-
posite body can be replaced by an analysis for a RVE
(Hashin, 1983; Mura, 1987).

Effective or macroscopic properties of the composites
depend on the geometric and physical properties of the
phases. The effective properties can be found by a ho-
mogeni zation approach, based on the microscopic fields
and local properties of the heterogeneous media. There
are many different homogenization approaches. For ex-
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ample, the direct average method of local field quantities,
equivalent inclusion method, bounding method and two-
scale expansion method are used to evaluate the effec-
tive properties of the composites and give a reasonable
prediction within allowable precision. The direct aver-
age method is based on the surface or volume average of
the field quantitieslike stresses, strains and strain energy
density on the microscopic level and then the effective
propertiescan be found on the macroscopic level, accord-
ing to the rel ations between the macroscopic stresses and
strains. The direct average of the local field quantities
can be performed by the concept of RVE and a numeri-
cal method, FEM or BEM, for instance. One of the ad-
vantages of applying the direct average method isthat ar-
bitrary geometries and properties of components can be
easily treated.

The equivalent inclusion method is based on the Es-
helby’s eigenstrain solution on the single inclusion em-
bedded into an infinite matrix (Eshelby, 1957). This
method need not use the average of field quantities for
analysisof the effective propertiesof composites. But the
effective properties can be derived in terms of the volume
fraction, geometries of theinclusionand the properties of
the components. Self-consistent scheme (Hill, 1965; Bu-
diansky, 1965; Taya and Chou, 1981), generalized self-
consistent scheme(Christensen and Lo, 1979), differ-
ential method(Norries, 1985) and Mori-Tanaka method
(Mori and Tanaka, 1973; Weng, 1984; Benveniste, 1987)
have been developed from thisapproach and widely used
in evaluation of the elastic properties of various compos-
ite materials. However, arbitrary microstructural geome-
try that isfrequently encountered in actual materials can-
not be deterministically treated with these models. Fortu-
nately, the situation is changing. A numerical procedure
that combines the self-consistent scheme with finite el-
ement method has been developed for prediction of the
effective properties of composites with arbitrary shaped
inclusions(Yang, Tang and Chen, 1994).
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Figure 1: Periodic microstructure and RVE

Alternatively to direct average and equivalent inclusion
methods, the variational method is a unique one that can
give the upper and lower bounds of the elastic moduli of
composites (Hashin and Shtrikman, 1962). This method
has already improved the earlier results of approximate
bounds by Voigt (1889) and Reuss (1929).

A relatively new approach, named two-scale expansion
method, for homogenization of microstructure consists
in the mathematical homogenization based on a two-
scale expansion of the displacement field, which origi-
nated for analyzing physical systems containing two or
more length scales (Benssonusan et al, 1978; Sanchez-
Palencia, 1980). It issuitablefor multi-phase materialsin
which the natural scales are the microscopic heterogene-
ity scale and macroscopic structure scale. In thismethod,
the displacement field is expanded in micro-scale and
macro-scale, then following the same approach as direct
average method, the effective stiffness coefficients can be
found. Several homogenization methods have been com-
piled in the book by Nemat-Nasser and Hori (1993). A
critical review of different homogenization methods and
applicationsin cellular sandwich structures can be found
in recent article by Hohe and Becker (2002). The mi-
cromechanica theory has been extended into the inves-
tigation of flow in pulmonary tissue (Zhong et a 2002).
The homogenization of the particul ate composites using
BEM technology was proposed (Okada et al 2004; Yang
and Qin 2004).

Although these homogenization approaches have been
widely applied to composites, cracked solids and other
multiphase media, the comparative research on different
homogenizationsisvery limited and the critical precision
analysis and comparison are lacking so far. Some con-
sistencies or inconsistenciesin principle and in quantity
exist among these homogeni zation methods. The present
paper focuses on a comprehensive comparison and tends

to give a critical review for the different homogenization
concepts. Especialy, the principlesand numerical results
of the direct average methods and two-scale expansion
method are analyzed.

The article is organized as follows: In the next section,
the definition of the effective properties and the direct
average methods are reviewed. Then the consistency be-
tween the volume average and surface average proce-
dures is identified. In section 3, the two-scale expan-
sion method is outlined. Here the numerical procedurein
conjunction with finite element method is emphasized.
In section 4, the approximate estimation of the effec-
tive properties of composites based on two-scale expan-
sion method is presented. The periodic boundary condi-
tions of RVE are described in section 5. The numerical
comparisons of the different homogenization concepts
are performed for transversely isotropic composites, void
solidsand rigid inclusion mediain section 6 and then the
conclusions of the research are given in final section.

2 Direct average method of field quantities

In the direct average method, the average values of the
microscopic field quantities like the stresses, strains or
strain energy densities, are calculated by a volume or
surface average procedure in a domain, then the effec-
tive properties of the composites are predicted according
to the relations of the macroscopic stresses, strains and
strain energy density.

The volume average of local or microscopic stresses i
and strains€;j can be defined by

_ 1 _ 1
Gij:\—//QGide, Sij:\—//gi—lide

where the superscript bars denote the volume average
values of the quantities, e.g. macroscopic or effective

1)
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guantities. The Q denotes a domain over which the ho-
mogenization is performed and V is its volume. Gen-
eraly, the domain can be represented by a RVE for the
composite with a periodic microstructure. For elastic
body, the volume average of the strain energy density can
be expressed by

1 1 1
W— — O—— [ Zgis dQ
W V/ng V/QZG.JS.Jd
1 1
:\—//QEDijkISijSkldQ

1 1
:\—//QEijlﬁiijldQ (2

where %Gij &j = W is strain energy density, Djj are lo-
cal stiffness coefficients and Cijiq(C = D1 are local
compliance coefficients which are different from phase
to phase.

The effective properties which are represented by effec-
tive stiffness D; jk or compliance Ci jk of the composites
can be defined by the el astic rel ation between the average
stresses and strains

Gij = Dijk &, &j = Cijk Ok

3

or by equivalence of the strain energy

1

_ 1,1
icijgijZV/g)icijeide 4

This relation is referred to as the Hill’s principle (Hill,
1963; Kroner, 1972; Hazanov 1998).

Thelinear dependence of the average stressesand strains
for elastic body leadsto

()

An explicit form of the effective stiffness coefficients for
3D elastic deformation has been obtained by Hohe and
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Becker (2001), that is

ZW(Sij)glz_ I:j,k:|,I:k
i]
(aij)2§|2 |7é17k7é|7|:kvj:|
(W(eij,en) —W(eij) —W(ew)] gu%kl
Bijkl = i=j,k=1i#k (nosumfori,j) (6)

[Weij, eq) —W(eij) —W(en)) 725

i 7, k# 1 (i # kor j#1)

[Weij, eq) —W(eij) —Wlen)) 75
i = j,k#I

where W(ejj, ) denotes the strain energy density for a
reference strain state in which only €;; and g have non-
zero values.

The effective quantities of the stresses, strainsand strain
energy density can be calculated by a surface aver-
age procedure for corresponding boundary values. For
strainseij = 2(u; j +Uj;), applying the divergence theo-
rem in the second equation of Eq.(1) yields

_ 1 171
Sij:\—//Qi—lide:\—//rE(Uinj—l—ani)dr )
where T" is boundary of the domain Q and n; is the out-
ward normal vector on the boundary T

The surface average of the stresses can be carried out by
partial integration of the first equation of Eq.(1), thatis

6”'—\E//Q(Side—\%/r%(-ﬁXj—l—Tin)dr (8)
where T; is the traction vector on the surface of Q. This
implies that the relations T; = ojjn; hold. It is shown
from Eq.(8) that the average stresses can be cal cul ated by
the process of volume average of the stressesin a domain
or by the process of surface average of the corresponding
tractions on the boundary.

Let us consider, for illustration, that the RVE is a brick
shaped domain Q, as shown in Fig.2, which has been
used in most research works. The surface averages of the
tractions can be expressed by the following form

_ 1 _ 1
011 = B/Bcﬁlldr, O = a/DCGZZdr (a)
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Figure2: Traction condition of RVE

(b)

The average value of the strain energy density can be
expressed also by the boundary values according to the
work-energy principle

171 1
w:\—//gicijeijdfz:\—//r'ﬁuidl"

In fact, using the Green’s theorem, one can easily prove
Eq.(9) mathematically.

As is well known, the average of stresses, strains and
strain energy density can be calculated by either volume
or surface average processes. Once the two of the three
quantities are found, then the effective properties of the
composites can be predicted according to Eq.(3) or (4).
It is worthwhile to note that the macroscopic stresses,
strains and strain energy density can be expressed by the
phase volume fractions. For a n-phase composite, the
stresses, strains and strain energy density can be written
as

n . n .
Gjj = Zviﬁi(}), gjj = Zviﬁi(}), W=
i=1 i=1

_ _ 1 1
G612 =021 =, /Bcﬁlzdr = 5/5)c621dr

(9)

ViW(i)

M-

(10)

i=1

where superscript (i) corresponds with ith phase of the
composite and the quantities v; are referred to volume
fractions of the corresponding phases.

Remark 1: The volume or surface average method of
micro-stresses, strains or strain energy density is most
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direct and basic approach to establish the connection be-
tween the micro- and macro-scale quantities. The defini-
tion of the effective properties is determinative and ex-
plicit.

3 Two-scale expansion method

In this section, we introduce two coordinate systems:
global coordinate x and local coordinate y. The global
coordinate x isrelated to the local coordinatey as

y=Xe (11)

where ¢ is a very small positive number denoting the
ratio between the dimension of a RVE and a structure
body. When subjected to structural level loads and dis-
placements, the resulting evolutionary variables, e.g. de-
formation and stresses, vary from point to point at the
macroscopic scalex. Furthermore, ahigh level of hetero-
geneity in the microstructure causes a rapid variation of
these variables in a small neighborhood € of the macro-
scopic point X. In present homogenization theory, a peri-
odic repetition of the microstructure about a macroscopic
point x has been assumed, from which thefield functions
depend periodically on'y = x/e. Thischaracteristic is of-
ten termed as Y- periodicity, where Y corresponds to a
RVE (Peng and Cao, 2002; Ghosh, Lee and Moorthy,
1996)

The displacement field can be asymptotically expanded
as

Ui = UF(X) = U0 Y) +eut (X y) Ui (xy) +--- (12)

The superscript € denotes association of the functionwith
the two length scales.

It is noted that
IFE(%Y) _ dF(xY)  1dF(xy)
o 0% te i (13)

where F is a general function. For the strain tensor &;j,

one has
o L(ou
2 \ax ' oox

1
= Egi_jl(xa y) +£i0j (Xa y) +££i1j (Xa y) T+ (14)
where
_ 1[0 o
gt (xy) = > <W + a_y.J> (15a)
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ou? 1(out oau

0y vy _ L[ ou ouj
ey =5 (Gt LD

Ly Lfout U\ 1 ow?  ou
S'J(X’y)_2<ax,-+a>q + 8y,+ay. (15¢c)

The elastic coefficients Djjq are periodic functions of x
and depend on e,

Diii = Diju (X/€) = Diju (Y) (16)

Thus the stresses can be expressed by

€
Gij

_ €
= Dijuen

1 _
=2 Dfi€ia (%, Y) + Dfje (X Y) -+ €D i (X, Y) +

1
= Ecijl(xa y) + Gioj (Xa y) + ecilj (Xa y) + (17)
The elastic stress-strain relations are
oij(x%,y) = Dfjuen (x,y), n=-1,0,1 (18)

From Egs.(15) and (18), the stresses can be written as

ou?

o;;' =Dfjw a_y:( (19a)
ol ou

o = Dfjy <8x| ayl|(> (19b)
ou; du

o} = D%<&<3J) (190)

The elastic problem with a periodic microstructureis de-
scribed by

cijj+fi=0 in Q (20a)
oijn =T on T} (20b)
uf = Gj on I'y (20c)

where fi, T; and (; are specific body force, tractions
and boundary displacements. Substituting Eq.(17) into
Eq.(20), and equaling the powers of &, the equilibrium
equations can be rewritten as

doj;t o

21a)
9Yj (=13

323

dojt o) _ o (21b)
an ayj

aiioj_kaiilj_kf.fo (21c)
an ayj '

For solving the system of Eq.(21), an important result is
introduced here. For aY periodic function

(o)

has a unique solution if the mean value of F, defined by

__i/FdY
Y[ Jy

equals zero, where |Y| isthe periodicity or the volume of
the RVE. Application of this condition to Eq.(21a) leads
to

-1 _
6, =0

(22)

(23)

(24)

This implies that the stresses are independent of 1 /e.
Then from EQ.(18) and (15a), one has

Wixy) = P(x)

Thisshowsthat u? isafunction of the global coordinate x
only. Therefore, the expansion of displacement field can
be rewritten as

(25)

Ui = Uf (X) = U2(x) +eui (xy) +€2uf(xy) + (26)
We can regard uP asthe macroscopic displacement, while
ut,u?, - - - are the microscopic displacements. The physi-
cal interpretation of Eq.(26) isthat thereal displacement
u; israpidly oscillating around the mean displacement u?
due to the inhomogeneity from the microscopic point of
view. ul,u?, - - - are the perturbing displacements accord-

ing to the microstructure.
The final microscopic equilibrium equations are reduced
as, through substituting (24) into Egs.(21a) and (21b),

aoﬂ.
—1_p
9Yj

Taking the mean of Eq. (21c) on Q and applying the con-

in Q (27)

dition (23) in the second term 901 leads to the macro-

’ ay
scopic equilibrium equations
JG,
0 +f=0 inQ 28)
ax; Xj
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wherec (5 are macroscopl C stresses.

For eval uatl on of the stresses G,J , we must know the dis-
placements u® and u?, as shown in Eq.(19b). For this
purpose, we assume that the displacement fields u® and

ul are related by

aO

= (29

U = —\Ifi ( Yoo

Then, substituting Eq.(29) into (19b) yieldsthe stresses

e ) aup @)

(5 = <Dljk| Dijmn—=— e ) o

Then integrating over the domain Q leads to the effective
stress-strain relations for an elastic medium

0
ouy

x (31)

Dljk|

where the macroscopic stresses, , and the effective stiff-
ness coefficients, Djju, are expressed by

1
o) :v/s)cﬂ(x,y)dﬂ

_ 1 0
Dijk :\—//Q [Dijkl Dijmn all;

(32)

] dQ (33)
It can been seen from Eq.(33) that the function y(X,y)
must be known before the determination of the homog-
enized stiffness coefficients. Generaly, evaluation of
y(X,y) can be achieved by afinite element method.

Remark 2: With Eq.(30), we can see that the micro-
stresses consist of two parts: first part is uniformstresses
caused by the uniform micro-strains and second part is
the perturbing stresses caused by the perturbing strains.
From the homogenization process appearing in Eq.(31)
to (33), it is clear that the principle of the two-scale ex-
pansion method is completely the same as the direct av-
erage method of the stresses and strains. The definition
of the effective stiffness of the compositesis also entirely
identical between two methods.

For application of the two-scale expansion method in
conjunction with the finite element method, a variational
form of the microscopic equilibrium equations should be
established. Here, another important result isintroduced.

CMES, vol.6, no.4, pp.319-332, 2004

For a Y-periodic function ¢(y), we define a mean opera-

tor asfollows
1
- [ [ otnavae

Thevariationa form for Eq.(214) is

lim q)()—()d

A
e—0./ Q¢ € (3 )

k 0 _
N a;l/j SU0dQ — / ( Fla 5 )jSuidQ_O (35)

where 83U are arbitrary virtual displacements. Since the
homogenization method consists of finding the limit of
the solutionsto Egs.(21a)-(21c) as e tendsto zero, so we

have
ou
i e 7K 0

/ / auo 6u°deQ 0 (36)

Using the divergence theorem on Eq.(36) yields:
1 ou?
— Diju=—= ] du’dYdQ
\Y!/Q/v< ”k'aw),,- !

1 ou?
= Di jii =—<n;du’dsdQ = 37

M/Q]i 5, AP0 = 0 37)
where Sisthe boundary of the RVE. Thus we have
ou?
— =0 38
ayj (39

It is shown again that u® is only afunction of x.

Substituting Eg. (19b) into the variational form, with ar-
bitrary virtual displacementsdul, of Eq. (21b) yields:

0
o % suldo — / £ (a“ a“k> suldQ — 0
QF ayj 9y .

(39)

Then using Eq.(34), EQ.(39) becomes

: ol oul 1
ll_l'}T(]J SDEC‘jkl <&+a—yl> 6Ui (s(§)

~ i o (a“O aulk) suldvde =0 (40
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Integrating by parts, and noting that virtual displace-
ments dul = 0 at the boundary of RVE, and u? isa func-
tion of x only, we have the rel ations between the displace-
ments u? and u! in integration form

ou? adul

/MUYDHK. ay'dY)dQ

oul 9dut
+// ”kla:(ajldeQ O

(41)
Substantially, Eq.(41) isequivaent to Eq.(29) which con-

nects the displacements u® and ul. In fact, we introduce
the function y(x,y), which satisfies

86u1 86u1
/ Dij ipa S, ayq ayj / i jk| (42)
Substituting Eq.(42) into Eq.(41) yields
ouf v 9sul
/ / '”’“ay ay; oy, dreQ
out odut
+// Dija Gk G, Y =0 (43)
Yi

Applying the divergence theorem in Eq.(43) leads to

NS

1
+/ j{D,Jpqu nqafiu, dsdQ =0

au° 86u1

(44)

It is clear that this equation is the integration form of
Eq.(29).

Actualy, EQ.(42) provides a basic eguation for solving
the function y(x,y) by the finite element method. The
interpolation of the finite element form for the function
(X, y) can be expressed by

W= Navo)! = Ny a=1,-- .M (45)
where N is a shape function and y stands for the nodal
generalized coordinates, M is the total number of free-
dom degrees of the system. Then the derivative of the
function y(x,y) can be expressed by

(46)
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and the derivative of the displacementsis

Y

ou?
= Bl 5 (47)
where B; correspondsto the derivativesof the shapefunc-
tion N with respect to y;. It is noted that the function u®
isindependent of .
Then we can rewrite Eq.(42) in the standard form of a

finite element
I:/BTDkIdY
Y

( / BTDBdY> e
Y

where D isthe stress-strain matrix of the components of
the composite, B is the discrete displacement-strain ma-
trix depending on the element shape functions. DM isa
vector of column ki (kl=11,22,33,23,31,12) of the stress-
strain matrix D. WM is the characteristic displacement
vector associated with the kl mode. Six eguations should
be solved for different strain states. A conventional finite
element can be used to calculate Eq.(48).

Therefore, the homogenized elastic constants defined by
Eq.(43) can be expressed by

(48)

— 1

- M/YD(| —By)dY (49)
where
Y= (Wllv szv \II337 \II237 \II317 le) (50)

In summary, the two-scale expansion method provides a
procedureto calcul ate the eff ective properties of the com-
posite with a periodic microstructure. y¥ in Eq.(48) is
solved by a finite element method and then the effective
properties can be calculated from Eq.(49).

4 Approximate estimation of effective properties

In this section, let us estimate approximately the effec-
tive properties based on the two-scal e expansion method.
Two specific cases, equa strain model and equal stress
model, are considered here.

By analyzing the basic assumption made in thetwo-scale
expansion method, EQ.(29), and the effective stiffness,
Eqg. (33), we can see that the first term in Eq. (33) is
the well-known rule of mixture, whilethe secondtermis
a correction with the perturbing strain due to the hetero-
geneity of the microstructure.
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In the equal strain model, it is assumed that the strains
undergone in each phase are of the same values. Thus
the perturbing parts of the displacement do not exist. As
aresult, Eq.(29) becomes

ou?
U= -yl (xy) =X =0

x (51)

Then the effective dtiffness coefficients according to
Eq.(33) can be reduced as

. 1 JuK
Dij :\—//Q [DijkI—Dijmnﬁ]dQ

oYn
1
= \—//QDijkIdQ

Thisisthe known rule of mixture. The simple expression
under uniaxial stateis

(52)

— 1
Eun= v /Q E11dQ = VlEﬁ) —I—VzEﬁ) +-- (53)

where Ey; is the Young's modulus, v; and Ei'l) are the

volume fraction and Young's modulus of phasei, respec-
tively. Eq.(53) isreferred to as the Voigt’ s approximation
(Voigt, 1889) and usually is used to predict the effective
axial modulus of the unidirectional fiber composite ma
terial. It is noted that EQ.(53) gives the upper bound of
the elastic modulus.

The equal stress state means that the stresses in each
phase are uniform and equal everywhere. In this case,
the perturbing part of the stress does not exist and the
macro-stress is equal to the applied stress. Then from
Eq.(19), one has

6;;"=0, of;=0 (54)
and
Gio- = Gjj (55)

J

According to the local elastic stress-strain relations, the
strainsare

g;'=0, ;=0 (56)
and
Sioj == Clsj ki (5% - Clsj Kkl 6k| (57)
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Taking the integration over the domain €2, one can obtain

/Slode:/Cﬁk|6k|dQ
Q Q

Then, dividing both sides in Eq.(58) by volume of the
domain yields homogenized stress-strain relations

(58)

&j = CijuOu (59)
with the homogenized compliance coefficients

— 1

Ciju = \—//QcijkldQ (60)

The eguations (60) can be interpreted as the rule of mix-
ture for the compliance coefficients. For the uniaxial
state, the Young's modulus can be expressed by

1 1 1 V1 Vo

— == —dQ=—2 2 ... (61)

Thisequationisreferred to asthe Reuss's approximation
(Reuss, 1929) and usually is used to predict the trans-
verse modulus of the unidirectional fiber composite ma-
terials. It is verified that this equation gives a simple
lower bound of the effective elastic modulus of a com-
posite.

It should be noted that the Voigt's and Reuss's approxi-
mations provide generous upper and lower bounds. They
are the most simply cases of the Hashin and Strikman's
variational solutions (Hashin and Shtrikman, 1962).

Remark 3: The rule of mixture for the effective prop-
erties described by Eq.(52),(53) or Eg. (60),(61), can
be easily derived with the direct average method if the
equal stress or equal strain model is assumed, respec-
tively. This shows that the direct average method and
two-scale expansion method give the same upper and
lower bound values.

5 Periodic boundary conditions

The periodicity is one of the main characteristics of the
composites. The microscopic displacement and stress
fields are the Y periodic solutionsand aRVE isaY pe
riodic cell. In the homogenized properties calculation,
the periodic boundary conditions must be imposed on
the RVE to reflect the repeatability of the microstructure.
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Without lose of generality, the periodic conditions of the
displacement and stress fields can be expressed by

u(y) =ui(y+Y) YyeQ (62)

cij(y) =cij(y+Y) VyeQ (63)
where Y = (Y1,Y2,Y3) is the periodicity. Here domain
Q represents a RVE and T is its boundary. For arbitrary
yY € T, the periodic displacement boundary conditionsof
the RVE can be expressed by [Havner 1971]
u(y") =u(y°+Y), w°er (64)
The stress periodicity requires anti-periodic traction
boundary conditions

Ty =-Ti(y°+Y), Wlerl (65)

wherey® + Y isthe boundary of the periodic RVE.

For a 2D square or rectangular RVE, as shown in Fig.4,
the periodic displacement boundary conditions can be
expressed by

ur(¥3,y2) = ur(y9 + Y, y2) (66a)
(¥, ¥2) = Ua(¥9 + Y1, ¥2) (66b)
on the | eft and right opposite sides and

Up(y1,Y3) = U1(y1, Y3+ Y2) (674)
Uz(Y1,Y3) = Up(y1, Y3+ Y2) (67b)

on the upper and lower opposite sides. The anti-
periodicity of the traction boundary conditionsleads to

o11(y2,¥2) = —011(¥2 + Y1.¥2) (683)
o12(Y},Y2) = —012(¥] + Y1,¥2) (68b)
on the left and right sides and

022(y1,Y3) = —622(Y1,Y3 + Y2) (693)
621(Y1,Y3) = —021(Y1, Y2+ Y2) (69D)

on the upper and lower sides.

In the present study, only the symmetric rectangular RVE
isconsidered. This case can reflect many model compos-
ites that the inclusion may have, in a 2D state, a shape
of circle, ellipse, rectangle and so on. The work for the
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Figure 3 : Periodic and symmetric RVE

general case of the periodic boundary conditionswill be
reported elsewhere.

Firstly, consider the normal (extension and compression)
deformation modes of the RVE. The periodicity and sym-
metry of the RVE (see Fig.3) yields

ur (Y3, y2) = ur(Yi +Y1,¥2)
= —us(Y) +Y1,y2)
~0 (70)

on the left and right opposite sides and

U2(Y1,Y3) = Up(y1, Y9 +Y2)
= —Up(y1,Y3+Y2)

=0 (72)

on the upper and lower opposite sides. Egs.(70) and (71)
imply that the normal displacements for the all external
edges of the RVE are fixed, as shown in Fig.4a. Clearly,
these constraints can satisfy the anti-periodic and sym-
metric requirements of the traction boundary conditions.

Secondly, let us consider the pure shear deformation of
the RVE. An anti-symmetric deformation mode happens
inthis case. Then we can obtain

(Y3, Y2) = Ua (Y] + Y1,y2)
= —Up(y} +Y1,Y2)

=0 (72)
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(b)

Figure 4 : The constraints on the periodic and symmetric RVE for normal deformation (&) and pure shear deforma:

tion (b)

on the | eft and right opposite sides and

Ur(y1,Y3) = U1(ya, Y3+ Y2)
= —(y1,Y3+Ya)
=0 (73)
on the upper and lower opposite sides. EQ.(72) and
Eq.(73) mean that the tangent displacements on the
boundary of the RVE are fixed, as shown in Fig.4b.

The periodic and symmetric boundary conditions can be
used in the two-scal e expansion method where the initial
strains are loaded (Hassani and Hinton, 1998). For the
symmetric RVE, only onequarter of theRVE isanalyzed.

6 Numerical results

The above mentioned analysis has shown that the direct
methods and two-scale expansion method are the same
in principle. Some numerical examples are given in this
section in order to compare these methods numerically.

The effective properties are calculated for three kinds of
the composite materials, e.g. transversely isotropic fiber
composite, void solid and rigid inclusion medium. The
numerical results are compared for three homogeneous
methods: the direct average method of stress and strain,
the direct average method of strain energy density and
the two-scal e expansion method.

A plane strain model is considered here and the in-plane
or transverse properties of the composites are calculated.
For the direct average methods of stress, strain and strain
energy density, there are two classes of the boundary con-
ditions of the RVE, the uniform traction- and uniform
displacement-loading boundary conditions that result in

different deformations and effective stiffness coefficients
(Miehe and Koch, 2002). Here the boundary conditions
with specific displacements are imposed and then the fi-
nite element method is applied in calculation of the aver-
age stresses, strains and strain energy density on a RVE
with auniaxia strain state. The resulting effective stiff-
ness coefficients of the plane strain problem are used to
calculated the engineering constants by

D11

= 743

H D11+ D12 (748)
Dq1(1 1-2
E— 11( + U)( U) (74b)
1-p

G= D66 (74C)
where the subscriptstakethe compact form, thatisD 3 =
D1111, D12 =Di1122, Des = D1212.

6.1 FE mesh dependence

Three kinds of mesh are investigated in order to examine
the mesh-dependence. Thefirst case, Mesh 1 has 39 ele-
ments and 140 nodes. The Mesh 2 has 64 elements, 221
nodes and the Mesh 3 has 85 elements and 288 nodes.
The meshes are illustrated in Fig. 5. Here the 8-node
quadratic isoparameter elements are used in the finite el-
ement analysis.

The numerical results for different FE meshes are listed
in Table 1. Here three methods are used. ASS denotes
the direct average of stress and strain, ASE the direct
average of strain energy density and TEM the two-scale
expansion method. It is shown that the effective stiff-
ness coefficients are not sensitiveto the FE meshes. Only
the shear stiffness coefficients slightly vary with the FE
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Mesh 1 Mesh 2

Mesh 3

Figure5: Three kinds of mesh for test the mesh-dependence

Table 1: Stiffness coefficients for different FE meshes

Dy (GPa) D, (GPa) Ds; (GPa)
ASS ASE TEM ASS | TEM | ASS ASE | TEM
Mesh | | 10.4874 | 10.4874 | 10.4873 | 4.2879 | 4.2879 | 2.2315 | 2.2315 | 2.2315
Mesh2 | 10.4874 | 10.4874 | 10.4875 | 4.2879 | 4.2880 | 2.2314 | 2.2314 | 2.2314
Mesh 3 | 10.4873 | 10.4873 | 10.4874 | 4.2879 | 4.2879 | 2.2313 | 2.2313 | 2.2314
Table 2 : Transverse stiffness coefficients for fiber composite
Dy (GPa) Di2(GPa) Dgs (GPa)
ASS ASE TEM ASS TEM ASS ASE TEM
0.1 |6.3147 6.3147 |6.3148 |[3.2920 3.2920 |1.4726 |1.4726 |1.4727
0.2 |7.3218 7.3218 |7.3218 |[3.6171 3.6171 |1.6824 |1.6824 |1.6824
0.3 |8.6606 8.6606 |[8.6606 |3.9511 39511 |1.9255 |1.9255 |1.9255
0.4 [10.4873 |10.4873 |10.4874 |4.2879 42879 |2.2313 |2.2313 |2.2314
0.5 [13.0754 |13.0755 | 13.0758 |4.6347 4.6346 |2.6549 |2.6550 |2.6551
0.6 [17.0605 |17.0606 |17.0608 |5.0817 5.0817 |[3.3356 |3.3356 |3.3357

meshes. The richest mesh, Mesh 3, isused in the follow-
ing cal culations though the results are not sensitiveto the
FE meshes.

6.2 Transversely isotropic composite

A composite reinforced by the unidirectional continuous
fibers demonstrates the transversely isotropic properties.
For this case, the following material datais used:

E-glassfiber: the Young'smodulusis 73.1 GPa, the Pois-
son’sratiois 0.22.

Epoxy Matrix: the Young's modulus is 3.45 GPa, the

Poisson’sratio is0.35.

Theeffective transverse stiffness coefficients of thetrans-
versely isotropic composite are listed in Table 2. It
is shown that the three methods give completely iden-
tical stiffness coefficients. This is not surprising be-
cause of the same homogenization principle used in all
of the three methods. The engineering constants can be
found by EQ.(74) for the comparison with the approxi-
mate bounds and experimental data. Fig.6 illustratesthe
transverse Young's modulus E», asafunction of the fiber
volume fraction. The lower bound was calculated by
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Eq.(61). It is shown that ASS, ASE and TEM provide
good agreeabl e results with the experimental data (Tsal,
1964).

16
I —=— Present %
14r Lower bound
12 I *  Experimental data
10 +

Transverse Young's modulus

2 L 1 L 1 L 1 L 1 L 1 L 1

00 0.1 02 03 04 05 06
Fiber volume fraction
Figure 6 : Transverse Young's modulus
351
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Figure 7 : Transverse shear modulus

Fig.7 shows the transverse shear modulus G of the com-
posite with different fiber volume fraction. No experi-
mental data for the transverse shear modulusis available
for comparison. An approximate estimation for the trans-
verse shear modulus by

17Vm Vf

1_vm 75
G Gm G ()

CMES, vol.6, no.4, pp.319-332, 2004
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Figure 8: Transverse Poisson’'sratio

is plotted in Fig.7. It is easy to prove that EQ.(75) pro-
vides alower bound for the shear modul us.

The transverse Poisson’s ratio is shown in Fig.8. The
nonlinear relation between effective transverse Poisson’s
ratio and the fiber volume fraction is demonstrated. No
appropriate bounds and experimental data are available
for comparison.

6.3 Rigidinclusion medium

An inclusion with very large elastic modulus is used to
model arigid inclusion. The elastic modulus of theinclu-
sion is 10* times that of the modulus of the matrix. The
Poisson’sratio of the matrix is0.35. The present results
have been normalized by the modulus of the matrix. The
effective stiffness coefficients of rigid inclusion medium
arelisted in Table 3 for a detailed precision comparison.
It is shown that the three methods give mostly identical
results except for the slight differencesin afew cases.

6.4 \oid solid

An inclusion with very small elastic modulusis used to
model a void in an isotropic solid. The elastic modulus
of the void inclusion is 108 times that of the modulus
of the matrix. The Poisson’sratio of the matrix is 0.35.
Table 4 listsnormalized effective stiffness coefficients of
this medium. Same, the identical results are obtained by
the three methods.

Remark 4: The example provides numerical illustration
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Table 3 : Stiffness coefficients for rigid inclusion medium

D11/Eog D12/Ey D¢s/Eo
Vi ASS ASE TEM ASS TEM ASS ASE TEM
0.1 |1.8560 1.8560 |[1.8673 [0.9678 |0.9678 |0.4324 |0.4311 ]0.4325
0.2 |2.1900 [2.1900 |[2.1967 |1.0791 1.0784 |0.4952 |0.4968 |0.5007
0.3 |2.6504 |2.6504 |[2.6577 |1.1957 |1.1986 |0.5721 |[0.5738 |0.5821
04 |3.3123 33123 (33464 |1.3128 1.3150 |0.6638 |0.6724 |0.6797
0.5 |4.3297 43297 [4.4308 |1.4206 |1.4195 |0.8096 |[0.8140 |0.8273
0.6 |6.1427 |6.1427 |6.2106 |1.5056 |[1.5047 |1.0548 |1.0548 |1.0766

that the direct average method of stresses, strains and
strain energy density is the same as two-scale expan-
sion method. The effective stiffnesses calculated by the
three methods are not only completely identical but also
in good agreements with the experimental data.

7 Conclusions

The paper gives the detailed comparison for three ho-
mogenization concepts, e.g. direct average method of
stress and strain, direct average method of strain energy
density and two-scale expansion method. It is shownin
principleand numerically that direct average methodsare
the same as the two-scale expansion method. Although
they have different expressionsin mathematics, the iden-
tical calculation results are obtained for the composites
with a large range of elastic mismatch of the compo-
nents. The effective properties obtained from the three
methods are in agreements with the experimental data.
Future work will include the prediction and comparison
of composites with non-anisotropic inclusion and non-
symmetric RVE.
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