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Abstract

A new, two-dimensional (2D) homogenization theory is proposed. The theory utilizes a higher-order, elasticity-
based cell model (ECM) analysis. The material microstructure is modeled as a 2D periodic array of unit cells where
each unit cell is discretized into four subregions (or subcells). The analysis utilizes a (truncated) eigenfunction expansion
of up to fifth order for the displacement field in each subcell. The governing equations for the theory are developed by
satisfying the pointwise governing equations of geometrically linear continuum mechanics exactly up through an order
consistent with the order of the subcell displacement field. The formulation is carried out independently of any specified
constitutive models for the behavior of the individual phases (in the sense that the general governing equations hold for
any constitutive model). The fifth order theory is subsequently specialized to a third order theory. Additionally, the
higher order analyzes reduce to a theory equivalent to the original 2D method of cells (MOC) theory when all higher
order terms are eliminated. The proposed 2D theory is the companion theory to an equivalent 3D theory [T.O.
Williams, A three-dimensional, higher-order, elasticity-based micromechanics model, Int. J. Solids Struc., in press].

Comparison of the predicted bulk and local responses with published results indicates that the theory accurately pre-
dicts both types of responses. The high degree of agreement between the current theory results and published results is
due to the correct incorporation of the coupling effects between the local fields.

The proposed theory represents the necessary theoretical foundations for the development of exact homogenization
solutions of generalized, two-dimensional microstructures.
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1. Introduction

A current trend in the application of advanced materials is a greater emphasis on understanding the fun-
damental mechanisms governing the bulk response of the material. There are a multitude of reasons for this
focus. For example, as structural applications become more demanding it is becoming increasingly impor-
tant that the material microstructure be engineered in order to achieve specific response characteristics.
Alternatively, in order to prevent catastrophic failure of a material during service, it is important that the
mechanisms that drive the material failure be understood and, at least, predicted and, if possible, countered.

Inherent in the above requirement is the need to address the fact that all materials have microstructure.
The heterogeneous nature of material microstructures give rise to complex interactions at this level. These
interactions can drive critical local and bulk phenomena. In order to correctly predict these interactions it is
necessary that material models provide accurate predictions for the local fields based on a knowledge of the
microstructure and the properties of the individual components in the microstructure. Two dimensional
microstructures composed of a doubly periodic array of inclusions represent one of the simplest possible
material microstructures. Continuous fiber composites are one of the most common examples of such
materials.

Two-dimensional micromechanical (or homogenization) theories represent a class of model especially
well suited to the analysis of such materials. By their very nature these models provide predictions for
the local behavior in different parts of a material’s microstructure as well as providing estimates for the bulk
response of a material system. These estimates are obtained by solving the appropriate governing equations
of continuum mechanics subject to the constraints of the composite system’s microstructural geometry and
the response characteristics of the individual components composing a material system. Reviews of many of
the existing 2D micromechanics models are given by Aboudi (1991), Christensen (1979), and Nemat-Nasser
and Hori (1993).

The method of cells (MOC) (Aboudi, 1991) and its generalization, the generalized method of cells
(GMC) (Paley and Aboudi, 1992) have proven to be particularly successful 2D micromechanical theories
for modeling both the elastic and inelastic behavior of composite materials. Both theories discretize the
material microstructure using rectangular subregions or subcells. The particular discretization used by
the MOC theory is given in Fig. 1. Both of these theories are based on linear expansions for the displace-
ment field within the subcells. The linear displacement expansion results in piecewise constant strain and
stress fields within the subcells. Based on these expansions, the interfacial continuity conditions (for both
displacements and tractions) are satisfied in an integral (or average) sense. The ability to formulate the gen-
eral governing equations independently of any particular set of constitutive models enables the MOC/GMC
theories to be utilized for inelastic analyzes with any desired set of constitutive models. Several studies have
shown that the MOC/GMC theories provide accurate estimates for the bulk response of 2D composite
systems (Lissenden and Herakovich, 1992; Noor and Shah, 1993). A review of the work (both elastic and
inelastic) conducted using the MOC/GMC theories has been given by Aboudi (1996).

Despite the demonstrated ability of the MOC/GMC theories to model the bulk response of composites,
a major issue in the use of the 2D MOC/GMC models is the lack of coupling between the local shearing and
normal effects as well as between local shearing effects of different types. This lack has implications for the
history-dependent analysis of composite materials, in particular, this lack can result in incorrect evolution
of local history-dependent phenomena and, hence, of the bulk history-dependent behavior of the compos-
ite. The issue of the lack of coupling is addressed more fully by Williams and Aboudi (1999).

Several previous attempts have been made to address the lack of coupled local fields in the 2D MOC/
GMC models. The first attempt (Williams and Aboudi, 1999) carried out a weak solution analysis based
on a general expansion for the displacement field for a 2x2 unit cell (Fig. 1). Subsequently, the analysis
was specialized to a third order form and reasonable comparison with existing results was obtained. A more
recent attempt to address the issue has been pursued by Aboudi et al. (2001). In this model a partial, second
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Fig. 1. The discretized unit cell for a continuous fiber composite used by both the original MOC model and the ECM.
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order expansion for the displacement field within each subcell is used in conjunction with a weak formu-
lation and the concepts of asymptotic homogenization (Bensoussan et al., 1978) to model the response
of the composite.

There are a number of considerations associated with the above formulations. Common to both ap-
proaches is the use of weak formulations to obtain the governing equations. The formulations are “weak”
in the sense that both formulations apply the method of moments to the pointwise equilibrium equations
and subsequently use integration by parts in conjunction with the traction continuity conditions to arrive at
the weak-form equilibrium equations. This type of approach has been shown to be consistent with a var-
iational analysis, i.e. virtual work (Soldatos, 1995; Gilat, 1998) and thus the solution does not attempt to
satisfy the pointwise governing equations. The theory developed by Williams and Aboudi (1999) introduced
several overly stringent simplifying assumptions into the analysis through specializations of the interfacial
traction continuity conditions. The more recent formulation by Aboudi et al. (2001) cannot be directly re-
duced to the original MOC/GMC formulations for several reasons. The first difference is that the theory
cannot directly model the microstructure given in Fig. 1 since it is based on the concept of a generic cell
(which is composed of four subcells; 2x2 subcells) and the analysis requires a minimum of two generic cells
in a given direction (thus resulting in a minimum of four subcells in a given direction). The second difference
is that the model is based on the use of asymptotic homogenization concepts which uses the concepts of
asymptotic expansions. This introduces fundamental differences in the solution approach as compared to
the MOC/GMC analyzes.

The purpose of the present paper is to present a new micromechanical model that is based on a higher-
order, elasticity-based cell model (ECM) analysis. The proposed theory utilizes the same microstructural
discretization as the original MOC model which assumes a doubly periodic array of unit cells where each
unit cell is subdivided into four subregions or subcells (Fig. 1). The displacement field within each subcell is
based on an eigenfunction expansion of up to fifth order. The strong form, i.e. the pointwise form, of the
governing equations of geometrically linear continuum mechanics (equilibrium, traction continuity, and
displacement continuity) are satisfied exactly up through an order consistent with the subcell displacement
fields. The continuity constraints are satisfied both between subcells and between unit cells. The theory is
formulated independently of the material constitutive relations for the individual phases in the sense that
the governing equations do not depend on specific or special types of constitutive equations. The fifth order
theory is subsequently specialized to a third order theory. Both of the higher order theories can be directly
reduced to a variant of the original MOC analysis and have solution characteristics (for example providing
all of the concentration tensors simultaneously) that are consistent with the original MOC formulation. The
primary focus of the current paper is on the fundamental formulation of the 2D theory. For this purpose it
is sufficient to consider only elastic behavior. The extension of the theory to inelastic analysis is only out-
lined in brief. This extension will be addressed more fully in future work.

Both the third and fifth order theories are validated by comparison with published results obtained from
both finite element simulations and Green’s function analyzes. It is shown that both ECM formulations can
accurately predict the bulk elastic properties of continuous fiber composites and the local fields in the
microstructure.

It is useful to put the proposed theory in perspective with respect to other types of micromechanical ana-
lyzes. While average field theories (such as those based on Eshelby, 1957, e.g. the Mori-Tanaka theory
(Benveniste, 1987)) can adequately predict the effective elastic behavior of heterogeneous materials these
types of theories are not capable of accurately predicting the effective inelastic behavior of such materials
due to their inability to predict fluctuating fields about the phase average responses within the microstruc-
ture. In order to correctly predict these fluctuating responses, which drive the initiation and evolution of
history-dependent behavior (see for example Williams and Pindera, 1997), it is necessary to employ homog-
enization theories capable of predicting spatially varying field effects within each phase. Some simplified
theories (frequently referred to as cell models) attempt to obtain more accurate representations of the local
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fields by selectively employing isostrain and/or isostress assumptions in localized subregions. These types of
approaches do not, in general, correctly satisfy all of the governing equations of continuum mechanics or
exhibit coupling of the local shear and normal fields (which is one of the major issues addressed within the
current theory). In order to obtain accurate estimates of the local fluctuating fields, and, hence, of the global
inelastic response, it is necessary to consider substantially more sophisticated theories. These approaches
can be roughly separated into two different classes. The first class of approaches are analytical and are
based on satisfying the governing equations of continuum mechanics in a strong sense, i.e. solving these
equations in a pointwise fashion. Examples of such types of approaches are elasticity based solutions
(see for example Williams and Pindera, 1995, 1997) or Green’s function based analyzes (see Walker
et al., 1993; Nemat-Nasser and Hori, 1993). The second class of approaches are numerical in nature. In
general, this class of techniques satisfies the governing equations in a weak (variational) sense. Examples
of these types of techniques are finite element based analyzes (both conventional and periodic). Both classes
of techniques represent viable approaches to analyzing the homogenized response of heterogeneous mate-
rials with each class having different strengths and weaknesses. The proposed theory falls within the first
class.

The proposed theory has a number of strengths and weaknesses when compared to other theories in the
two different classes mentioned above. In general, analytical theories have a number of advantages over
numerical approaches. These types of theories can be used to study local interaction effects in the micro-
structure that are not necessarily easily considered within the context of FE analyzes. Second, the first class
of theories can provide analytical expressions for all of the mechanical and eigenstrain concentration ten-
sors directly and simultaneously. Alternatively, the evaluation of the concentration tensors using numerical
approaches requires a sequential application of the numerical analysis; one for each potential loading state,
which in the case of history-dependent behavior can involve substantial computational cost. Third, analyt-
ical approaches can be used to study functional relations within the concentration tensors and, hence, the
influence of different aspects the microstructure or the phase properties have on the local and bulk material
response. Finally, due to their ability to generate the concentration tensors in analytical form and simulta-
neously, analytical models can be used to study functional forms for the bulk constitutive relations while
this process is substantially more difficult within the context of FE based analyzes. Since the proposed ap-
proach falls within the first class of analyzes it has all of the above outlined advantages.

Numerical approaches have important strengths in their abilities to deal with complex microstructures
subjected to complex loading states. Many analytical models do not have these capabilities and are special-
ized to the analysis of certain types of bulk loading or to specific microstructural geometries (see Williams
and Pindera, 1995, 1997 for example). While the current variant of the proposed theory is limited to the
analysis of rather specialized microstructures, the approach forms the cornerstone for the development
of exact elasticity based analyzes for arbitrary microstructures based on infinite series solutions (developed
in future work). The development of this cornerstone represents one of the most important contributions of
the proposed theory. From a practical point of view the proposed solutions given in the following devel-
opment represent the lowest order, truncated solutions in the infinite series solution that correctly couple
the local fields. It is noted that when applicable exact solutions are obviously highly desirable.

The current theory has a number of other capabilities that should be recognized. The current model is
sufficiently computationally efficient (in terms of the number of basic unknowns) that it can be implemented
into structural analysis codes as a material constitutive model. The author’s experience has shown the cur-
rent approach to be more computationally efficient than some other elasticity based analyzes such as the
concentric cylinders model for inelastic behavior (Williams and Pindera, 1995, 1997). The proposed theory’s
computationally efficiency can be significantly enhanced (by a reduction in the number of unknowns of
almost 50%) by reformulating the governing equations using the local-global stiffness matrix (LGSM)
approach (Williams and Pindera, 1995, 1997). The application of the LGSM reformulation to the proposed
theory will be carried out in future work. Furthermore, an alternative to implementing the full form of the
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proposed theory into structural analysis codes can be developed by utilizing the theory’s ability to generate
increasingly more accurate estimates for local piecewise uniform fields without the need to solve for the
higher order terms in the theory (addressed in future work). Following this approach results in a substantial
reduction in the number of unknowns with a corresponding increase in computational efficiency. The use of
local piecewise uniform fields as the basis for estimates for bulk material behavior is a common practice in
the implementation of homogenization concepts into structural analysis codes. Finally, the proposed theory
can be employed in a sequential fashion by switching from lower order analyzes to higher order analyzes
(and vice versa) on the fly. This last capability has obvious implications for both accuracy and computation
efficiency as well as being the basis for considering convergence behavior as loading progresses for inelastic
analyzes.

2. Theoretical framework for a fifth order theory

The following conventions are used throughout the formulation. Summation is implied on Latin alpha-
betic and Arabic numeric subscripts and superscripts. An overbar denotes a mean (volume averaged) field.
For some generic field f this mean field is related to the pointwise field by

-1
== drv
F=y |1
where V is the volume of the unit cell. The associated (pointwise) fluctuating field is given by
f'=r-r

By definition the fluctuating field has a zero mean (f’ = 0).

Various field expansions are utilized in the following formulation. The quantities on the left-hand side of
these equations, 1" in Eq. (2.2), efj{f’” in Eq. (2.3), and ofjﬁ’"’) in Eq. (2.4), denote the pointwise value of the
field within the (f3,y) subcell (Fig. 1). The different constants in these field expansions are denoted by the
Vf(li'r)) in Eq. (2.2), the ,ufﬁq)?) in Eq. (2.3), and G,(,ﬂ(q)y) in Eq. (2.4). The subscripts (n,7) or (¢,s) denote the order
of the constant, i.e. the associated order of the expansion functions. The superscripts (f3,y) denote the asso-
ciated subcell (in the unit cell) in which the field expansion exists where f and y range from 1 to 2 individ-
ually. When feasible the superscripts  and y are dropped. In these circumstances it is to be understood that
the associated discussion applies to all subcells. A local coordinate system ¥ is defined at the center of each

subcell.

2.1. Subcell fields

Consider a doubly periodic array of inclusions embedded in a matrix (Fig. 1). The composite system is
considered to be subjected to a displacement field of the form

Ui =¢&x; (2.1)

where the €; are the bulk (average) strains in the composite and the x; are the macroscopic coordinates in
the composite.

Given this type of material microstructure and global loading state it is sufficient to analyze only a single
repeating unit cell (Fig. 1) due to the implied periodicity of the local fields. Following Aboudi (1991) this
unit cell is subdivided into four subregions or subcells. Each subcell is considered to be occupied by a single
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material. In general, at least one of the subcells will be occupied by the material which is considered to be
the inclusion phase with the remaining subcells occupied by the matrix material. Note that if all of the
subcells are occupied by the same material then the material is a homogeneous material and the proposed
theory predicts that all fluctuating field effects are identically zero as required.

The assumed displacement field in a subcell is given by

WP = a4 Pl V) (2.2)

where
P(”v") = pn ()_Cz)p’()_Q)

and the p,(X,) are dimensional Legendre functions of order n in X,, the p,(¥;) are dimensional Legendre
functions of order r in X3, the X; represent the local coordinates in the subcell, » and r range from 1 to 5
individually, and the cumulative order, denoted by n + r, must be an odd number (i.e. 1, 3, or 5). The par-
ticular forms for the dimensional Legendre polynomials are given in Appendix A. As mentioned above,
summation is assumed on the subscripts # and r. The V ) terms represent fluctuating displacement effects
about the applied displacement field (Eq. (2.1)). These ﬁuctuatmg displacement effects are induced by the
presence of the material microstructure. The requirements that the local stress/strain fields be independent
of the axial coordinate and that the fluctuating displacement field satisfy the continuity constraints results
in the fact that the fluctuating displacement terms are independent of the axial coordinate x;. There are 36
kinematic unknowns per subcell in a fifth order expansion giving a total of 144 unknowns in the unit cell.
Eq. (2.2) is written out in expanded form in Appendix A.

The terms associated with even cumulative orders (n + r) in the displacement expansion, Eq. (2.2), have
been dropped since it can be shown that for the given microstructure, in conjunction with the field perio-
dicity, these terms decouple from the odd cumulative order effects (both mean and fluctuating) and, hence,
are identically zero. An example showing this decoupling process for the continuity equations is given in
Appendix A. Inspection shows that the equilibrium equations (given in Section 2.2) are inherently decou-
pled. All of the forcing effects due to the applied bulk loading, Eq. (2.1), appear only in the governing equa-
tions associated with the odd cumulative order (n + r) displacement field. The fact that all forcing effects
associated with the even cumulative order displacement terms are identically zero results in only the trivial
solution for these types of terms.

Note that any set of orthogonal (or even nonorthogonal) expansion functions could have been used in
the formulation; Legendre polynomials simply represent a convenient choice. Use of different expansion
functions would result only in changes in the coefficients in the basic governing equations but would not
change the fundamental concepts behind the proposed analysis and hence the fundamental orders of the
governing equations.

Substituting the subcell displacement field, Eq. (2.2), into the geometrically linear strain—displacement
relations

1
€j = E (6ju,- + 6,—uj)

gives a subcell strain field of the form

B By
61(/ "= P(q 9)61(1(11)3) =P OO)GU + P (g.5) o (23)

lj(q s)

where ¢ and s range from 0 to 4 individually and the cumulative order, ¢ + s, must be an even number
(i.e. 0, 2, or 4). The fact that the cumulative order, ¢ + s, for the strains must be an even number is con-
sistent with the fact that only odd cumulative order (n + r) terms exist in the displacement expansion,

Eq. (2.2), which upon differentiation lead to strains of even cumulative order. The terms ,ul i qq ) represent
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the fluctuating strain effects in the microstructure. These terms are defined in Appendix A. The expanded
version of Eq. (2.3) is given in Appendix A.
The associated subcell stress field is given by

ol =P yal) 24
(@) %ij(q,5)

1/
where a“iq% are the stress terms in each subcell associated with the expansion functions P, ). The expanded
version of Eq. (2.4) is given in Appendix A.

The following formulation is carried out independently of any particular set of constitutive relations for
the behavior of the materials in the different subcells. Hence, the theory is applicable to any set of consti-
tutive relations that relate the strain field, Eq. (2.3), to the stress field, Eq. (2.4). However, to determine the
unknowns in the theory, the V, £) ) particular constitutive relations do have to be specified ultimately. Once
a particular set of constitutive relatlons for the material in a subcell has been specified the subcell stress field
can be directly written in terms of the kinematic unknowns, Vl ) , in the displacement field expansion (and
appropriate history-dependent effects, for example, plastic strams) For example, in the case of linear elastic
constituents the following constitutive relations can be obtained:

By _ ~By) _(By)

O-ij(qs) - Cijkl kl(q,s)

where the Clﬁ} are the components of the stiffness tensor in a subcell. Using the expressions for the strain
terms ,“, i " Y) (given in Appendlx A) the stress terms afjﬁ( q'l) can be directly expressed as functions of the fun-
damental unknowns, the ¥/ g ) The resulting relations can be subsequently substituted into the governing
equations developed in the following formulation in order to express these equations solely in terms of the

kinematic unknowns. If the more general form for the Hookean relations given by
0;j = Cijr€r + 4ij

where the /; represent eigenstress effects, is assumed then the particulars of the constitutive relations obvi-
ously change but the basic procedure for expressing the governing equations in terms of the kinematic un-
knowns remains unchanged. It is noted that a broad variety of constitutive relations, such as viscoelastic,
plastic, and viscoplastic constitutive theories can be cast in the above form. For example, in a plasticity the-
ory based on superposition of strain effects, the eigenstress is given by 4; = —Ciue€;, where the €, are the
plastic strains. The use of the above form for the constitutive relations does not preclude the necessity of
incrementally evaluating the evolution of the internal state variables associated with the history-
dependence.

2.2. Governing equations for the fifth order theory

The equilibrium equations for a subcell are obtained by substituting the subcell stress field, Eq. (2.4), into
the pointwise (strong form) equilibrium equations,

020 + 0303 = 0
and collecting terms with the same spatial order and setting each group associated with the different spatial
orders to zero. This process is equivalent to using the orthogonality properties of the expansion functions.

The details of this process are given in Appendix A. The first cumulative order equilibrium equations in a
subcell are given by

2 2
0 (LY s
301 + o + 3 ( 2) iy + (5) ahh =0 (2.5)
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h\° (. L\’
(B.y) B (By) y (By)
62 11 + 30,30 (7) T3 T3 (5) T304 = 0 (2.6)

where /z and /, denote the lengths of the sides along the x, and x3 directions of the (f,y) subcell (see Fig. 1).
The third cumulative order equilibrium equations within a subcell are given by

(B)

T340y T ‘713(31> 0 (2.7)
5‘75%)1) + 3055{5)2) =0 (2.8)
3055(32) + 5,0y =0 (2.9)

Y+ T, =0 (2.10)

There are six first order and 12 third order equilibrium equations per subcell giving a total of 72 equilibrium
equations for the unit cell. That the above equilibrium equations are of odd cumulative order is due to the
fact that they are based directly on the pointwise form of the equilibrium equations which require spatial
differentiation of the stress field (which are of even cumulative order) leading to odd order equations only.
These equilibrium equations are associated only with the odd cumulative order kinematic terms. If even
cumulative order terms had been included in the analysis additional equilibrium equations of zeroth and
second cumulative order would have been obtained. In this case it can be shown that the even (zeroth
and second) cumulative order equilibrium equations completely decouple from the odd (first and third)
cumulative order equilibrium equations. This last point is made to further illustrate the decoupling of
the local fields of different orders (even or odd cumulative order).

Next the displacement continuity equations are developed. The displacement continuity equations in the
theory are obtained by substituting Eq. (2.2) into the pointwise form of the displacement continuity
constraints

(where the superscripts —/+ are used to denote the different sides of an interface) and grouping the spatially
varying effects of the same order and setting each group to zero. Again this is equivalent to using the
orthogonality properties of the expansion functions. See Appendix A for example manipulations. The dis-
placement continuity equations are imposed up through a cumulative order of two across the faces of the
subcells and unit cells. For faces with the normal in the x,-direction the appropriate displacement continu-
ity equations are

Moy (N (MY pun e (N e (B e
9 Vi(lO) + B} Vi(30) + B} VI(SO) == B} Vi(lO) “\2 Vi(30) “\7 Vi(SO) (2.11)
1y hy ? 1y hy ! 1y 2,y ha ? 2,y hy ! 2y
Vf(m)) 5 Vf(zi)) tl5 Vf(zu)) = Vf(m)) +15 VE(Zi)) +{5 VE(41)) (2.12)
2 2 2 2
hoay (Y 0 b ooy (R e
B Vi(lZ) + D Vi(32) = D) Vi(]2) “\2 Vi(32) (2.13)

For faces with the normal in the x3-direction the appropriate displacement continuity equations are

QV</¢,1>+ h 3V<ﬁ,1>Jr I 5V<ﬁ,1>__le<ﬁ,2>_ ) 3V</f,2>_ ) SVW) (2.14)
5 V(o1 3 i(03) 3 i(0s) = ~ 75 Viton) 3 i(03) 3 i(05) ‘
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yn o (b 8D (b o _ e (2 e 4 (2 t ) (2.15)
i(10) D) i(12) P i(14) i(10) P i(12) D i(14) :

hoon , (WY o Loway  (BY 02
EVZ-(21)+ D) Vi(23):_§Vi(z1>_ 2 Vz'(23) (2.16)

There are 36 interfacial displacement continuity equations for the unit cell. The above forms for the dis-
placement continuity equations have been obtained by directly using the displacement expansion, Eq.
(2.2). Due to the nature of the chosen microstructural representation, Eqgs. (2.11)—(2.16) satisfy the conti-
nuity constraints between subcells within a unit cell as well as between unit cells, i.e. these equations explic-
itly satisfy all of the periodicity constraints of the problem. Note that if the even cumulative order kinematic
terms had been included in the analysis the resulting continuity equations between the subcells and unit cells
could have been manipulated in such a way as to completely decouple the even and odd cumulative order
effects (see Appendix A).

The development of the traction continuity constraints directly parallels that of the development of the
displacement continuity conditions, Egs. (2.11)-(2.16). In particular, the subcell stress field, Eq. (2.4), is
substituted into the pointwise traction continuity relations

tH=—t

1 1

The effects with the same spatial dependencies are subsequently grouped and each spatial grouping is set to
zero. Consistent with the displacement continuity conditions, the traction continuity conditions between
subcells and unit cells are applied up through a cumulative order of two. For faces with the normal in
the x,-direction the appropriate traction continuity equations are

an (MY oo (MY _ oen (N en L () e
Tii00) T (?) Ji2{§0) + (Z) 01’2(,:10) = 0,-2{60) + (E) 0i2820) + (j) 0 2(40) (2.17)
Moy, (M b ooy (1Y o
701-2(11) + 5 OnGry = _5‘71-2(11) —\7 031 (2.18)
(1) N a _ e (MY ey
1y ly) 2y 2,y
Opg2) T (5) O = i) T (3) ) (2.19)
For faces with the normal in the x3-direction the appropriate traction continuity equations are
(B1) 0\ ) W wn e L\ 42 AT
Ti3000) (5) G302 T (5) T304 = Ti300) T (5) Ti3(02) T (5) 0:3(04) (2.20)
L ) 0\ g h (g2 AN
2 %3011 + 5 ) %303 = T3 %0~ \ 3 ) %am) (2.21)
(B W\ gy _ o) B\ )
G320y T (5) Oi32) = Oi320) T (5) 03(2) (2.22)

There are 36 interfacial traction continuity equations for the unit cell. As was the case for the displacement
continuity equations, the above form of the traction continuity conditions satisfy continuity both between
subcells within a unit cell and continuity between unit cells. Thus, these equations explicitly satisfy the
all traction constraints on the local fields. Also, in parallel with the displacement continuity conditions,
if even cumulative order effects (¢ + s) had been included the traction continuity equations could have been
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manipulated so as to separate the even and odd cumulative order effects (see Appendix A). The bulk (aver-
age) strains which represent the forcing effects in the theory enter into the problem through the zeroth order
stresses only. Since the forcing terms associated with the odd cumulative order stress effects (which are func-
tions of the even cumulative order displacement effects) are identically zero the even cumulative order dis-
placement effects must be zero.

2.3. Implementation of the governing equations

The governing equations, Egs. (2.5)—(2.22), represent 144 governing equations for the 144 kinematic un-
knowns, Vl((/;”,)) These governing equations are algebraic in nature and thus can be directly assembled into
matrix form by simply considering each governing equation given above to represent one line in the matrix
equation. In particular, Egs. (2.11)—(2.16) (the displacement continuity equations) are used as presented.
The stresses can be expressed in terms of the kinematic unknowns by using the process discussed in Section
2.1. Subsequent substitution of these results into Egs. (2.5)—(2.10) and (2.17)—(2.22) results in expressions of
the equilibrium equations and the traction continuity equations given in terms of the fundamental un-
known kinematic terms. If elastic Hookean behavior is assumed for the constituents the governing equa-
tions can be written in the following matrix form:

KV =F¢ (2.23)

where K is a coefficient matrix that is a known function of the material and geometric properties of the sub-
cells, the vector of unknowns for the unit cell is given by ¥, the matrix F is associated with the forcing terms
and is a known function of the material and geometric properties of the subcells, and the vector € represents
the applied bulk loading. If the constituents are assumed to exhibit history-dependent responses then addi-
tional terms would appear in the above matrix equation in the form of an additional forcing vector on the
right-hand side. This extension to history-dependent effects will be addressed in future work.

2.4. Specialization of governing equations for orthotropic phases

Careful consideration of the governing equations for Hookean materials with at least orthotropic sym-
metry indicates that the kinematic unknowns and the governing equations can be separated into four inde-
pendent groupings. This separation of the fundamental unknowns results in significantly smaller systems of
equations that need to be solved and, thus, has implications for the computational efficiency of the theory.
It is noted that most typical composites used in structural applications exist within this class of materials.

The first independent grouping (henceforth referred to as group 1) of the kinematic unknowns is given
by, V](]o), V](lz), V1(14), V1(30), V1(32), V1(50). There are a total of 24 unknowns for the unit cell in this group.
The associated stresses are giVen by, 012(00)> 012(02)> 012(04)> 012(20)> 012(22)> 012(40)> O13(11)> O13(13)» and 013(31)-
The governing equations for group 1 are given by Egs. (2.5), (2.7), (2.9), (2.11), (2.13), (2.15), (2.17), (2.19),
and (2.21) all with the free index i = 1.These equations represent a consistent system of 24 equations for the
24 unknowns. Examination shows that the behavior in group 1 is driven by the applied bulk strain €, i.e.
one of the axial shear components. Both types of local axial shear (12 as well as 13) effects exist within the
group and their evolution is coupled. The 13 shear effects only exist as higher order effects with a zero aver-
age while the 12 shear effects affect both the average response associated with group 1 as well as higher
order effects (as is consistent with expectations). The governing equations for the group can be expressed
in the following form:

KOy = rg, (2.24)
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where the superscript (1) denotes the group number, k' is a coefficient matrix composed of the known geo-
metric and material properties of the subcells and the unit cells, ¥V is the vector of unknowns for the
group, and /" is another vector composed of known quantities existing within the subcells and the unit
cell.

The second independent grouping (referred to as group 2) is mathematically equivalent to group 1. The
kinematic unknowns in this group are given by, V](()]), V1(03), V1(05), V1(21), V1(23), and V1(41). Asin group 1
there are 24 unknowns for the unit cell for this group. The associated stresses are given by; 61300), 1320),
013(40)> 013(02)> 013(22)> 013(04)> T13(11)> T12(13)> and 012(31)- The governing equations for group 2 are given by
Egs. (2.6), (2.8), (2.10), (2.12), (2.14), (2.16), (2.18), (2.20) and (2.22) all with the free index i = 1. These
equations provide 24 governing equations for the 24 unknowns within the group. The responses within
group 2 are driven by the other applied bulk axial shear strain, €;. As was the case in group 1, both local
12 and 13 shearing responses exist within group 2. However, in this case, the roles of the effects are reversed
with 12 effects only existing as higher order effects and the 13 effects impacting both the average and higher
order responses. The governing equations for the group can be written in the same form as was done for
group 1, i.e.

Ky = P (2.25)
where the superscript 2 denotes the group number. The interpretations of the terms in the above equation
exactly parallel those of group 1.

Both groups 1 and 2 are decoupled from any type of transverse shearing or normal responses (macro-
scopic or microscopic) as is consistent with expectations for a continuous fiber composite.

The third group is associated with the bulk transverse shearing response, €,;. The microstructural kine-
matic terms in this group are given by; V1), V2(03), V2005)» Va21)s Va23)s Vawanys Vaioy Vaazy Vaaay Vi,
V3(32), and V3(s0). There are a total of 48 unknowns in group 3. The corresponding stress terms are ¢23(0),
023(02)> 023(05)> 923(20)> 023(22)> 023(40)> Tnn(11)> Onn(13)s and Onn(31) where the subscripts “nn” are used to denote
the normal stresses (with no summation on n). The governing equations for group 3 are Eqgs. (2.5);—s,
(2.0)i=2, (2.7)i=3, (2.8)i=2, (2.9)i=3, (2.10)=2, (2.11);=3, (2.12);m2, (2.13);3, (2.14);=2, (2.15);=3, (2.16)i=2,
(2.17)i=3, (2.18);—2, (2.19);—3,(2.20),—, (2.21),—3, and (2.22),—, where the subscript on the equation number
indicates the associated value of the free index i. There are 48 governing equations for the 48 total un-
knowns within group 3. The local responses within group 3 consist of both transverse shearing effects
and normal effects. The transverse shearing responses represent both the average behavior associated with
the group as well as higher order responses while the normal effects only exist as higher order phenomena.
Again, the governing equations can be expressed in the form already seen for groups 1 and 2

KV = Oy, (2.26)

with the same interpretations for the individual terms in the matrix equation.

The last group, group 4, is driven by the bulk normal applied strains €y, €, and €;3. The kinematic un-
knowns for this group consist of the following terms; VZ(IO)’ Vz(]z), V2(14), V2(30), V2(32), V2(50), V3(01), V3(03),
V30s), V321), V323), and V3. There are 48 unknowns for the unit cell in group 4. The kinematic terms
within this group give rise to the following Stresses; 6,00y Tun(02)> Tnn(04)s Tun(20)> Tnn(22)> Trn(40)s T23(11)»
023(13), and o2331). There are 48 governing equations in group 4 given by Eq. (2.5);—1, (2.6);—3, (2.7)i—2,
(2.8)i=3, (2.9)i=2, (2.10);=3, (2.11)i=2, (2.12);=3, (2.13);=2, (2.14);=3, (2.15)i=2, (2.16);=3, (2.17);=, (2.18);=3,
(2.19);—5, (2.20);—3, (2.21);—», and (2.22),—3. As was the case in group 3, both local transverse shearing
and normal responses are present within group 4. However, in the current case, the roles of these effects
can be considered to be reversed as compared to group 3. In particular, the local normal effects affects both
the average behavior as well as higher order responses while the transverse shearing terms only exist within
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the context of higher order effects. The governing equations for this group can be expressed in a similar
form as observed for the other groups.
/_€<4)Z(4) :f(4>En (2.27)

where the interpretation of the individual terms in the equation directly parallel those used in the other
groups with the exception that the vector €, consists of the three bulk normal strains €, €y, and €3,
and f @ is a matrix composed of known quantities.

The concentration factors effects for the kinematic unknowns can be directly determined from Egs.
(2.23)—(2.26). In particular, have

v = @1)*‘]_,(1)%12 =aVey, (2.28)
VO = (7 0 = aPes (2.29)
ARES k<3)7]j:(3)623 =a'We; (2.30)
Ve = @4)*‘ J_’“)En — g(‘”En (2.31)

where the vectors a'” for i =1,2,3 and the matrix a'*) represent the concentration tensor effects. Note that
the above results are closed form, analytic expressions for the concentration factors.

Based on the above results the fluctuating strain terms ufﬁq’l) can be expressed in the following form:

By _ 4B =
Hijtgs) = Attt (2.32)

where the Agfk‘;”()q ,, are the concentration tensors. These tensors are direct functions of the previously deter-
mined vectors a” for i =1,2,3 and the matrix a¥.

2.5. Effective constitutive properties of the composite
The effective properties of the composite system can now be determined using the previous results. In the

following discussion it is assumed that the constituents are Hookean materials such that the following con-
stitutive relations hold in each phase:

0 = Cijri€u (2.33)
where Cji; are the components of the stiffness tensor. In this situation the effective stiffnesses Cj’/.f,f, are
defined by

o = Cipeu (2.34)

Separating all of the field quantities in Eq. (2.33) into mean and fluctuating parts and taking the mean of
the result gives the following expression for the average constitutive relations:

_ = _ —
0ij = Cimen + Cjpli

where the C7,, are the components of the fluctuating stiffness tensor in the different subcells. Note that Ci;y
corresponds to the Voight (simple volume averaged) estimate for the effective stiffness tensor (see the def-
initions in Section 2). Substituting Eq. (2.32) into this expression gives

— - - 4 \-=
0 = (Ci/kl + C,‘jmnAmnkl)ekl
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where the A4,,,.; are the concentration tensor components in the different subcells (see Eq. (2.32)). Compar-
ison of this result with Eq. (2.34) shows that the effective stiffness tensor is given by

Cstt = Coipt + ClipyAmnia (2.35)

In the case where the constitutive properties within the phases are spatially constant, i.e. do not vary as a
function of position within the subcell, the above result simplifies to the following form:

ijflfl = Cljkl + CzjmnAm”kl (00) (236)

Alternatively, Eq. (2.36) can be expressed in the form

ff .7)
Czkl z/kl + Z Cp ljm" mnkl(OO) (2.37)

where the ¢z, are the subcell volume fractions, i.e. the relative volume of each subcell with respect to the
total volume of the unit cell. Using standard relations the effective material properties can be obtained from
Eqgs. (2.35)(2.37). Note that since the concentration factors are obtained from closed form, analytic expres-
sions the effective properties for the composite are also given by closed form, analytic results.

3. Third order theory

This section deals with the appropriate reduction of the fifth order theory to a third order theory. Obvi-
ously the first step in this process is the elimination of all of the fifth cumulative order (n + r) kinematic
terms in the displacement expansion and all of the (associated) fourth cumulative order (¢ + s) terms in
the strain and stress field expansions. The resulting subcell displacement, strain, and stress fields after these
reductions still retain the functional forms given in Egs. (2.2)—(2.4), respectively. These reductions result in
a total of 72 kinematic unknowns for the third order theory.

It can be seen that as a consequence of the elimination of the above higher order terms all of the third
order equilibrium equations identically vanish. Thus, the only equilibrium equations remaining are the first
order equilibrium equations, Egs. (2.5) and (2.6). However, since the fourth order stress effects no longer
exist these equations simplify to the following forms:

3‘71220)+0'311 =0 (3.1)

lf i>1 + 3‘7,3 02) = =0 (3.2)

There are a total of 24 governing equilibrium equations for the unit cell.

In the third order theory the displacement and traction continuity equations are imposed up through a
cumulative order of one across the faces of the subcells and the unit cells. As was the case for the equilib-
rium equations the continuity constraints also simplify. In particular, the displacement continuity equations
become

b (MY an A
EVI'(IO)"‘ E Vi(30)__§V 3 Vi(30) (3~3)

m\’ oan _ pen L (e
+ (j) Vien = Vion T (j) Vien (3.4)
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hogn (Y o Logy (LY 02
§Vi(01) + 2 Vi(03) = *jVi(m) W) Vi(03) (3.5)
wn (DY o _ e L (Y e
Vi(f@) + <§) Vi(fz) = Vi(f()) + (3) Vi(fz) (3.6)
while the traction continuity equations are
, A . n\* o,
(Ly) 1 Ly _ (2w 2 (2,7)
Toioo) T <2> Tia20) = Tiz(00) T <2> G32(20) (3.7)
hi 1) hy (2)
5 %201) T T 5 %21 (3.8)
1) AN L\ o)
G300y T (3) T3002) = Tia(o0) T <§> T3(02) (3.9)
L ) L 2
2 %301 = T3 %31 (3.10)

There are 24 governing equations obtained from each of the displacement and traction continuity condi-
tions, Egs. (3.3)—(3.10).

Consideration of the above traction continuity equations shows that Eq. (3.8) for i = 3 and Eq. (3.10) for
i =2 only represent three independent governing equation. In order to obtain a deterministic system of gov-
erning equations for the third order theory it is necessary to impose the following spin constraint:

SmE (Vi — Vi) =0 G311
By

instead of one of these traction continuity conditions. The above spin constraint equation is based on the
fact that a homogeneous material subjected to the deformation field given by Eq. (2.1) has zero spin. It is
noted that this type of constraint on the local average spins can be employed in the original MOC model to
determine the nine fundamental displacement field unknowns instead of the six secondary unknown strains
in a subcell.

The governing equations for the third order theory, Egs. (3.1)—~(3.11) provide a system of 72 equations
for the 72 kinematic unknowns.

The groupings observed in the fifth order theory are also present in the third order theory when it is as-
sumed that the constituent materials exhibit Hookean behavior with at least orthotropic symmetry. The
remaining discussion in this section utilizes this fact.

For group 1 the kinematic terms that must be eliminated are; Vi(14), Vi(32), and Vy(so), while the remain-
ing kinematic terms are Vi), Vici2), and Vys0). The associated governing equations are Egs. (3.1), (3.3),
(3.6), (3.7), and (3.10) all with i =1.

The only remaining kinematic terms in group 2 are Vi1, Vi(03), and Vi21). The appropriate governing
equations are given by Egs. (3.2), (3.4), (3.6), (3.8), and (3.9) all with i =1.

There are 12 governing equations for the 12 kinematic unknowns in both groups 1 and 2.

The group 3 kinematic unknowns in the third order analysis are Vao1), V203), V221)> Va0 V312, and
V330) which represent 24 unknowns. The corresponding governing equations are Eq. (3.1) with i = 3, Eqgs.
(3.2)i=2, (3.3);=3, (3.4),—5, (3.5);=2, (3.6);—3, (3.7);=3, (3.8),—2, (3.9);—», and (3.10),—3 which provide the neces-
sary 24 governing equations.
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Finally, for group 4 the kinematic terms VZ(IO)’ Vz(lz), V2(30), V3(01), V3(03), and V3(21) must be retained.
Thus, there are 24 unknowns in group 4. The final set of 24 governing equations for this group are Egs.
(3:1)i=2, (3.2)i=3, (3.3)i=2, (3.4)i=3, (3.5)i=3, (3.6);=2, (3.7)i=2, (3.8)i=3, (3.9)i=3, and (3.10),—.

The governing equations for groups 1-4 in the third order analysis directly parallel Egs. (2.24)—-(2.27)
and as a consequence the concentration tensor effects can be obtained from equations similar to Egs.
(2.28)—(2.31). The strain field in the subcells can be expressed as in Eq. (2.32) where the maximum cumu-
lative order is two. The expressions for the effective properties given previously, Egs. (2.35)—(2.37), can be
directly utilized in the third order analysis.

4. Specialization of the higher order theories to the MOC theory

The original MOC (Aboudi, 1991) model is based on a first order expansion for the displacement field
within a subcell. To specialize the previous formulations to a variant of the MOC theory all third and fifth
(cumulative) order kinematic terms are eliminated. The remaining kinematic terms are given by Vo),
Vioi0 and Vo) while the remaining stresses and fluctuating strains are simply given by g0, and
Wijoo), respectively. The governing equations subsequently reduce to the average continuity equations only
(without any higher order effects). As expected the groupings that exist in the higher order analyzes also
exist in the first order analysis. Since a theory corresponding to the original MOC model can be obtained
by specializing the current formulation, the MOC theory can be interpreted as a lowest order elasticity solu-
tion rather than a theory based on a weak formulation (which is how the original theory is presented).

5. Validation results

This section is intended to provide validation of the proposed modeling approach and is composed of
two parts. The first part of the validation process is carried out by comparing the current model predictions
for the effective moduli with various results from the open literature generated using finite element (FE)
analyzes. The second part considers the accuracy of the predictions for the local fields by comparing the
model’s predictions with those obtained from a Green’s function analysis (Walker et al., 1993). The method
of cells predictions are also presented for comparison. In the following discussions the current theory with
be referred to as the ECM.

The exact elasticity solution for a bilaminated material has been given by Aboudi (1991). The proposed
elasticity based analysis has been numerically shown to correctly collapse to this solution (not shown). This
result is a necessary condition in the validation of the proposed theory.

The effective elastic moduli predictions obtained from the current third ECM order analysis are com-
pared to the FE based predictions for periodic hexagonal and square arrays generated by Sun and Vaidya
(1996). The results of Sun and Vaidya where shown to be accurate through comparison with both exper-
imental data and the predictions of various other models. It is noted that the work of Sun and Vaidya devel-
oped an FE tool that carried out the analysis based on periodic fields and boundary conditions. In the
following discussion, particular attention should be paid to the comparison with the square array based
FE predictions. The constituent properties are given in Table 1. It is noted that for the following examples
that consider the bulk effective properties the ECM results are independent of the loading state. This is un-
like FE based analyzes that require the implementation of six independent loading states in order to deter-
mine the effective properties. The first set of results to be considered are for a B/Al composite with a fiber
volume fraction of 0.47 (Table 2). This material system is representative of typical large diameter, contin-
uous fiber metal matrix composites. As expected the axial Young’s modulus is accurately predicted by both
the ECM theory as well as the MOC theory. The ECM model gives slightly better predictions for the
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Table 1

Properties for boron, aluminum, AS4 graphite, and 3501-6 epoxy constituents (Sun and Vaidya, 1996)

Material E; (GPa) E, (GPa) Vi Vi G, (GPa) G (GPa)
Boron 379.3 379.3 0.10 0.10 172.41 172.41
Aluminum 68.30 68.30 0.30 0.30 26.27 26.27
AS4 graphite 235.0 14.0 0.25 0.20 5.6 28.0
3501-6 epoxy 4.8 4.8 0.34 0.34 1.8 1.8
Table 2

Predicted effective properties for B/Al continuous fiber composite at a volume fraction of 0.47 (Sun and Vaidya, 1996)

Model E; (GPa) E, (GPa) Vit Vi G, (GPa) G, (GPa)
FE (square array) 215 144 0.29 0.19 459 57.2

FE (hexagonal array) 215 136.5 0.34 0.19 52.5 54.0
MOC 215 142.6 0.25 0.20 43.7 51.3
Third order ECM 215 143.4 0.26 0.19 45.1 54.3

effective transverse Young’s moduli and Poisson’s ratios than does the MOC model although both models
under predict the effective transverse Poisson’s ratio. Consideration of the shear moduli predictions indi-
cates that the ECM model provides better predictions for these properties than does the MOC theory.
The predictions for the transverse shear modulus obtained from the ECM are more accurate than the pre-
dictions for the axial shear moduli. The second composite system to be considered is a Gr/Ep system with a
fiber volume fraction of 0.60 (Table 3). This Gr/Ep system is typical of the types of unidirectional compos-
ites being utilized in the majority of structural applications. Again, both the ECM and MOC theories accu-
rately predict the axial Young’s modulus. Both models also provide highly accurate predictions for the
transverse Young’s moduli and the Poisson’s ratios. The ECM model can be seen to provide more accurate
predictions for the axial effective shear modulus than obtained from the original MOC model.

Next, predictions for the effective elastic moduli of a Gr/Ep (Modmor II graphite/LY 558 Epoxy), again
typical of unidirectional composite materials used in applications, as a function of volume obtained from
the current third order theory are compared to the corresponding finite element results generated by both
Bennett and Haberman (1996) and Noor and Shah (1993). The work by Bennett and Haberman developed
a micromechancial scheme that accounted for the effect of periodicity conditions on the local fields within
the context of a finite element implementation. Their results were generated for a square fiber array. The
analysis by Noor and Shah used standard finite element approaches to model the response of both square
and hexagonal array microstructures. Noor and Shah carried out their analyzes using converged meshes.
Their results compared well with a number of different micromechanics models. In the following discussion
the results of Bennett and Haberman will be referred to as B-H while the Noor and Shah work will be
referenced by N-S. The material properties for the constituents are given in Table 4. Note that the high

Table 3

Predicted effective properties for Gr/Ep continuous fiber composite at a volume fraction of 0.60 (Sun and Vaidya, 1996)

Model E; (GPa) E, (GPa) Vi Vi G, (GPa) G, (GPa)
FE (square array) 143 9.6 0.35 0.25 3.10 6.00

FE (hexagonal array) 143 9.2 0.38 0.25 3.35 5.88
MOC 143 9.6 0.35 0.25 3.08 5.47

Third order ECM 143 9.6 0.35 0.25 3.07 5.85
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Table 4

Properties for Modmor II graphite and LY558 epoxy (Noor and Shah, 1993)

Material E; (GPa) E, (GPa) Vi Vi G, (GPa) G (GPa)
Modmor II graphite 232.0 15.0 0.49 0.279 5.03 24.0
LYS588 epoxy 5.35 5.35 0.354 0.354 1.976 1.8

contrast in material properties represents a stringent test of a model’s ability to correctly predict the effec-
tive properties of a composite. Again particular attention should be paid to the correlation with the square
array predictions obtained from the finite element analyzes. The predictions for the axial Young’s modulus
(not shown) are the same for all of the models (as expected). The predictions for the effective transverse
Young’s modulus are given in Fig. 2. The results generated by the ECM and MOC are nearly the same
and compare well with the predictions of N-S over the entire range of fiber volume fractions where the
N-S results were generated. At higher fiber volume fractions the MOC and ECM predictions converge
to the results generated by B-H although the differences at lower volume fractions are appreciable.
Consideration of the predictions for the axial Poisson’s ratio, Fig. 3, shows that both the MOC and
ECM provide accurate predictions with the ECM results being in slightly better agreement with the N-S
results. The results for the transverse Poisson’s ratio, Fig. 4, exhibit noticeable differences between all of
the models. Comparing the MOC and ECM values to the N-S square array predictions indicates that,
in general, the ECM more accurately predicts this bulk property than does the MOC. At the lowest volume
fractions, 0.125 and 0.25, the ECM and MOC results are not bounded by either of the N-S results although
at zero volume fraction (pure epoxy matrix) all models do correctly predict the appropriate value for the
Poisson’s ratio. At volume fractions above 0.25, the ECM and MOC predictions are bounded by the N—
S results. As the volume fraction increases both the ECM and MOC results converge towards each other
and the N-S square array results. At a volume fraction of 0.875 the MOC and ECM results exhibit no
significant differences. At all volume fractions the B-H results lie below the other model predictions.
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Fig. 2. The effective transverse Young’s modulus as a function of fiber volume fraction for a Gr/Ep system.
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Fig. 3. The effective axial Poisson’s ratio as a function of fiber volume fraction for a Gr/Ep system.
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Fig. 4. The effective transverse Poisson’s ratio as a function of fiber volume fraction for a Gr/Ep system.

The results for the axial shear modulus are given in Fig. 5. At lower volume fractions the ECM calculations
coincide with the N-S FE results. As the volume fraction increases the ECM results more closely approach
the hexagonal array predictions of N-S. The MOC results fall below the ECM predictions at all but the
highest volume fraction where its predictions coincide with the ECM predictions. Finally, the correlations
for the effective transverse shear modulus are considered, Fig. 6. Again, the ECM and N-S square array
values are in excellent agreement through the entire range of volume fractions for which the N-S data
has been given. The MOC results again fall below the predictions obtained from the other models for
all but the highest volume fractions where the ECM and MOC data coincide.
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Fig. 5. The effective axial shear modulus as a function of fiber volume fraction for a Gr/Ep system.
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Fig. 6. The effective transverse shear modulus as a function of fiber volume fraction for a Gr/Ep system.

Next, the ECM’s (and in some cases the MOC) predictions for both the bulk response and the local fields
are compared to the Green’s function based analyzes of Walker et al. (1993) that considered the response of
void/Cu and W/Cu composites. The model presented by Walker et al. (1993) is based on a singular integral
equation approach using Green’s functions or (equivalently) Fourier series. The resulting theoretical anal-
ysis represents an exact solution to the governing differential equations of a heterogeneous material. The
implementation of the solution equations, however, must be carried out using an approximate discretized
volume approach. Walker et al. considered the convergence behavior of the Green’s function based analysis
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by considering increasingly greater numbers of unit cells and discretizations of the unit cells. The Green’s
function predictions used in the following comparisons where considered by Walker et al. to represent the
converged solution and are based on calculations using 25 unit cells of the type shown in Fig. 1. Since the
Green’s function theory is based on an exact analysis of the governing continuum equations the converged
results can be considered to accurately represent the local field solution as well as the bulk composite re-
sponse. Each of these unit cells was subdivided into 49 subvolumes for the three lowest fiber volume frac-
tions and 225 subvolumes for the highest fiber volume fraction. Thus, the model calculations are based on
the use of either 1225 or 5625 subelements which have six unknowns per subelement. It is noted that largest
number of unknowns in the ECM (the fifth order version) is 48. Additional details of the modeling ap-
proach are given by Nemat-Nasser and Hori (1993). In the following discussion this model will be referred
to as the G-F modeling approach.

The results for this part of the discussion have been generated by modeling square inclusions. The use of
square inclusions represents a stringent test of a theory’s ability to correctly model the local and global
behavior of a composite due to the presence of the strong gradients in the local fields induced by the pres-
ence of corners. The constituent properties are given in Table 5. The first set of results to be considered are
the predictions for the effective transverse Young’s modulus for the void/Cu composite at void volume frac-
tions of 0.0204, 0.1837, 0.5102, and 0.7511, Table 6. Both third and fifth order ECM results as well as the
corresponding MOC results are presented. Both the MOC and 3rd order ECM results under predict the
effective behavior with the largest difference (about 8%) occurring at the lowest volume fraction (0.0204).
As the volume fraction of the voids increases both models provide more accurate predictions for the effec-
tive behavior (with differences of less than 3%). Consideration of the fifth order ECM results indicates that
this model provides better predictions for the effective response with differences of no more than 3%. If in-
stead of a void the inclusion is considered to be tungsten, Table 7, then both versions of the ECM as well as
the MOC model provide accurate estimates for the effective transverse Young’s modulus with the fifth order
ECM providing the most accurate values.

Now the ability of the ECM to predict the variations in the local fields is considered by comparing the
ECM results for the local transverse stress to the corresponding G-F results for the W/Cu composite dis-
cussed above. The results are obtained by applying a transverse stress of 1000 MPa to the composite in the
case of the G-F model. This bulk loading state corresponds to the physical problem of a transverse,
uniaxial tension test typically used to characterize the transverse behavior of composite materials. To
generated the ECM results an equivalent bulk strain field is applied. This bulk strain field is calculated using

Table 5

Properties for tungsten and copper constituents (Walker et al., 1993)

Material E (GPa) v G (GPa)
Tungsten 395.0 0.28 154.3
Copper 127.0 0.34 47.39
Table 6

Transverse Young’s modulus (GPa) for a voided copper composite as a function of the void volume fraction (Walker et al., 1993)
Model ¢y = 0.0204 ¢y =0.1837 ¢, =0.5102 ¢, =0.7511
G-F 120.63 83.50 40.48 18.40
MOC 110.20 75.27 38.22 17.99
Third order ECM 110.20 75.38 38.23 17.99

Fifth order ECM 118.90 80.97 39.64 18.20




1030 T.0. Williams | International Journal of Solids and Structures 42 (2005) 1009-1038

Table 7

Transverse Young’s modulus (GPa) for a W/Cu composite as a function of the void volume fraction (Walker et al., 1993)

Model ¢ =0.0204 cr=0.1837 ¢ =0.5102 cp=10.7511
G-F 129.87 156.18 229.09 300.70
MOC 129.50 154.40 226.20 299.00
Third order ECM 129.50 154.60 226.60 299.10
Fifth order ECM 129.80 156.50 229.50 300.80

the predicted effective properties of the composite obtained from the ECM. Results from both the third and
fifth order version of the ECM are examined. Since the ECM approach provides pointwise variations in the
local fields within a subcell, local averaging of the spatial fields in the ECM subcells was used to generate
the results for the subelement regions modeled by the G-F model. The predicted local fields obtained from
the G—F model and the third and fifth order ECM are given in Figs. 7-10. The first number in a subregion
is the value obtained from the G—F analysis, the second is the prediction from the third order ECM, and the
last value is the fifth order ECM prediction. The heavy solid lines are the boundaries of the unit cell, the
heavy dashed lines represent the boundaries of the subcells, and the light dashed lines represent the subre-
gions within each subcell used in the G-F calculations. All errors discussed below are referenced to the G-F
solution.

The general trends in the distributions of the local fields predicted by the different versions of the ECM
are in good agreement with the G—F model results, Figs. 7-10. In particular, the required symmetries with
respect to the fiber centerlines are correctly predicted by both versions of the ECM. The broad trends in the
spatial variations, i.e. magnitudes increasing/decreasing with changing position, are, in general, correctly
predicted by both versions of the ECM with the fifth order theory providing the most accurate results.
In particular, the third order ECM correctly predicts the locations of the maximum and minimum values
in the distributions for the volume fractions of 0.1837 and 0.5102, as well as correctly positioning the min-
imum value of the local field at the 0.7511 volume fraction. The fifth order ECM predicts the locations of
the minimum and maximum values in the local fields for all volume fractions except for the 0.7511 volume
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Fig. 7. The local stress field predictions from the Green’s function analysis and both versions of the ECM for a W/Cu composite with a
fiber volume of 0.0204. The heavy dashed lines represent the boundaries of the subcells in the ECM model. The fine dashed lines
represent the boundaries of the computational cells used in the Green’s function analysis. With regard to the ordering of the
predictions, the first number in each triplet in each GF computational cell is the Green’s function prediction, the second number is the
third order ECM prediction, and the last number is the fifth order ECM prediction.
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Fig. 8. The local stress field predictions from the Green’s function analysis and both versions of the ECM for a W/Cu composite with a
fiber volume of 0.1837. The heavy dashed lines represent the boundaries of the subcells in the ECM model. The fine dashed lines
represent the boundaries of the computational cells used in the Green’s function analysis. With regard to the ordering of the
predictions, the first number in each triplet in each GF computational cell is the Green’s function prediction, the second number is the
third order ECM prediction, and the last number is the fifth order ECM prediction.
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Fig. 9. The local stress field predictions from the Green’s function analysis and both versions of the ECM for a W/Cu composite with a
fiber volume of 0.5102. The heavy dashed lines represent the boundaries of the subcells in the ECM model. The fine dashed lines
represent the boundaries of the computational cells used in the Green’s function analysis. With regard to the ordering of the
predictions, the first number in each triplet in each GF computational cell is the Green’s function prediction, the second number is the
third order ECM prediction, and the last number is the fifth order ECM prediction.

fraction were it does not correctly predict the location of the maximum value. Since the differences in the
predictions from the G-F and fifth order ECM at this location only differ by 2.97% this exception is rela-
tively insignificant.

Considering the correlations between the third order ECM and the G—F model for the spatial varia-
tions in the local fields shows that fairly large errors (up to 90% for a volume fraction of 0.0204 and up to
40% for a volume fraction of 0.7511) occur in the ECM results for the lowest and highest volume frac-
tions while at the volume fractions of 0.1837 and 0.5102 the agreement is, in general, good (with errors of
less than 17%). The overall errors in the predicted local fields are, in general, substantially less than the
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Fig. 10. The local stress field predictions from the Green’s function analysis and both versions of the ECM for a W/Cu composite with
a fiber volume of 0.7511. The heavy dashed lines represent the boundaries of the subcells in the ECM model. The fine dashed lines
represent the boundaries of the computational cells used in the Green’s function analysis. With regard to the ordering of the
predictions, the first number in each triplet in each GF computational cell is the Green’s function prediction, the second number is the
third order ECM prediction, and the last number is the fifth order ECM prediction.

maximum errors for the different cases. As might be expected, increasing the size of the region over which
the local fields (particularly in the case of 0.0204 volume fraction) are averaged results in better agreement
in the predictions obtained from the two models. Consideration of the fifth order ECM results indicates
that at all volume fractions the results are in better agreement with G—F predictions than the third order
ECM results. At a volume fraction of 0.0204, 0.1837, 0.5102, and 0.7511 the maximum error is less than
10%, 8.5%, 6.5%, and 25%, respectively. It is worth noting in the case of the 0.7511 volume fraction the
maximum error occurs in the region with the minimum local stress. In general, the errors in the fifth
order ECM predictions as compared to the G-F values are much smaller than the quoted maximum
errors given above.

Comparing the results for the ECM and the model proposed by Williams and Aboudi (1999) (not
shown) indicates that the current approach represents a far more accurate analysis tool than the older
model. For example, the maximum error in the predictions for the local stresses in the matrix obtained from
the older model is 52.5% while the corresponding error due to the third order ECM is 6.32%.

6. Summary and conclusion
A new homogenization theory utilizing a higher order, 2D, clasticity based cell analysis has been pre-

sented. The ECM model is based on a simplification of the microstructure that represents the fiber as a
single region (subcell) surrounded by three matrix regions (subcells). This microstructural simplification is
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the same as that used by the original MOC theory. The solution approach is based on truncated eigen-
function expansions up to fifth (cumulative) order for the displacement field. The theory directly and ex-
actly satisfies the strong (pointwise) form of all of the governing equations for geometrically linear
continuum mechanics up through the order of the expansions. The analysis is carried out independently
of any constitutive models for the materials in the sense that the governing equations are appropriate for
any constitutive theory. The proposed fifth order theory is specialized to a third order theory and both
the fifth and third order theories collapse to a first order theory that is consistent with the original MOC
analysis proposed by Aboudi (1991). In fact, the current formulation shows that the original MOC model
can be reinterpreted as a lowest order elasticity solution rather than the weak formulation originally sug-
gested by Aboudi.

The proposed theory has been validated/verified through comparisons with results from the open liter-
ature. In particular, the effective properties predicted by the ECM have been compared to a number of dif-
ferent finite element simulations for a number of different material systems with significant contrast in
material properties for the phases and for a wide variety of fiber volume fractions. In all cases the theory
was shown to provide accurate predictions for the bulk response characteristics of continuous fiber com-
posite systems. It was also shown that ECM provides better estimates for the shear moduli than are ob-
tained from the MOC model over a broad range of inclusion volume fractions. At the very highest
volume fractions the predictions for the ECM and MOC model tend to coincide.

The predictions for both the global response and the local fields obtained from the proposed theory were
also compared to the results generated using a Green’s function analysis. The bulk properties predicted by
both approaches for both void/Cu and W/Cu composites were seen to be in good agreement. It was noted
that increasing the order of the expansion functions (from third to fifth order) in the ECM improved the
agreement between the ECM and Green’s function predictions. The implication is that the higher order the-
ory more accurately models the influence of a square inclusion (as is consistent with expectations). This
improvement was most noticeable in the case of the composite composed of periodic voids. Comparison
of the local fields at different volume fractions generated by both the ECM and Green’s function analysis
shows that the both the third and fifth order ECM were capable of accurately predicting these local phe-
nomena. In particular, both versions of the ECM provide good estimates for the trends in the local fields as
well as the magnitudes of these fields. The accuracy of the predictions for the local behavior improves as the
order of the ECM is increased.

In summary, the ability of the proposed ECM to accurately predict both the bulk behavior as well as the
local fields shows that the theory represents a viable tool for modeling the behavior of fibrous composites.

One of the most important contributions of the current work is that it represents the necessary theoret-
ical foundations for the development of exact homogenization solutions of generalized, two-dimensional
microstructures. While the proposed model has been shown to provide good estimates for the local re-
sponse it can certainly be expected that higher order expansions and/or greater degrees of refinement in
discretizing the material microstructure will lead to improved accuracy for predicting the local fields.
The extension of the theory to both higher order approximations and arbitrary microstructural discretiza-
tions will be carried out in future work.

Appendix A

This appendix contains the expanded forms of the various field expansions, the definitions for the fluc-
tuating strain effects (the i), and examples of the mathematical manipulations associated with obtain-
ing the continuity equations and the equilibrium equations given in the main body of the paper. Note that
in the following discussion when the superscripts (f5,7) have been dropped it is to be understood that the
expression applies to all subcells.
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The expanded form of the displacement within a subcell for the fifth order theory is given by
u; = €;x; + PonVior) + PaoyViao) + Py Vies) + Pz Viaz) + PeyVien + PioyVisoe) + PosyVios)
+ Pua)Viga) + Pas)Vies) + PaoyVies) + PanVian + Peso Vi) (A1)
The corresponding subcell strain field is
€ij = Poo) (EJ + #tj<00>> + Plox) 02 + Pan Hijny + Praoytijao) + Piow Kijoa) + Pz i)
+ Poo) 0 + P i) + Pao) ijao) (A.2)
and the associated subcell stress field is
i = Po0)0ij00) + P(02)Gij02) + Prandijn) + P20y 0ij20) + Proa)ijoa) + Pa3)0ijaz) + Pz 02
+ Panoian + P gijuo) (A3)
The particular expressions for the fifth order fluctuating strains in the subcells are
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The appropriate forms for the Legendre polynomials up through fifth order are
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where d is the subcell dimension along a given direction.
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The details of the manipulations associated with the equilibrium equations are given next. Substituting
the stress expansion, Eq. (2.4) or (A.3), into the equilibrium equation gives

e\ ) AR
p y By
<302 +‘7 +3(2> Tinia0) T (5) Gi3(;3)>P(10)
hy L\ s
(Bs (Bs By B:)
+ ( O i)l +3013 02) <3) O 4)1 +3< ) ((ozt)>P (7012 40) +‘7,<z §1>)P(30)

(56 o+ 36;3 2 ) (36 Jo + 5‘713 13 )P(IZ) + (761('5(32)) + 65%101)(03) =0 (A4)

As in standard eigenfunction formulations, the appropriate forms for the equilibrium equations are obtained
by multiplying Eq. (A.4) by the various potential orders of the spatial variations, i.e. the various P, inte-
grating the result over the volume of that subcell, and using the fact that the expansion polynomials are
orthogonal. The resulting equations are identically Egs. (2.5)—(2.10). As noted in the text the orthogonali-
zation process is equivalent to simply equating each set of terms of different order in Eq. (A.4) to zero.
An example of the decoupling process for the continuity equations is presented below. While the partic-
ular example is for a given order of the displacement continuity equations the concepts behind the manip-
ulations can be applied to any of the different continuity equations. Consider the zeroth order displacement
continuity relations for a fifth order theory in the x,-direction assuming that all terms in the expansions are
present. For the interface within the unit cell the appropriate displacement continuity relation in this situ-

ation is given by
" (MY an L (MY
+ (?) Vi(30)+ j Vi(30)+ j Vi(SO)

h] V + h] ZV
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For the interface between unit cells the appropriate form for the displacement continuity relation is

hy N oy (MY pan (M) s (MY s
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Adding Egs. (A.5) and (A.6) gives
M\ oo L (MY an _ (Y Len o (2 e
(7) Vigy + > Vico = > Vico) + 5 V1(20) (A7)

Subtracting Egs. (A.5) and (A.6) gives Eq. (2.11). From these manipulations it is obvious that the different
order effects in the continuity equations can be decoupled.
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