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Abstract—A damage mechanics model is presented to characterize brittle failure in elastic fiber-
reinforced composite materials. An overall fourth-rank damage effect tensor is introduced based
on the hypothesis of elastic energy equivalence to account for the overall damage of the composite
system. In addition, two local (matrix and fiber) fourth-rank damage effect tensors are introduced
to account for the local effects of damage experienced by both the matrix and the fibers. The overall
and local damage tensors are correlated together using micromechanical considerations.

The explicit constitutive equations for the damaged material are derived for a uniaxially loaded
unidirectional thin fiber-reinforced composite lamina. The model is also applied to a unidirectional
thin lamina under a state of plane stress. New expressions are derived for the stress and strain
concentration factors for the damaged material in terms of the undamaged concentration factors
and the damage variables. In addition, explicit expressions are obtained for the overall and local
fourth-rank damage effect tensors. The research presented in this work is the three-dimensional
generalization of the uniaxial tension model formulated previously by the authors.

I. INTRODUCTION

Fiber-reinforced composite materials play an important role in the industry today through
the design and manufacture of advanced materials capable of attaining higher
stiffness/density and strength/density ratios. Of particular importance is the problem of
damage initiation and evolution in fiber-reinforced metal matrix composite plates. Although
the literature is rich in new developments in the composite materials technology, it lacks
tremendously a consistent analysis of damage mechanisms in composite materials.

In the analysis of composite materials, one can follow a continuum approach or a
micromechanical approach. In the continuum approach, the composite material is treated as
an orthotropic or transversely isotropic medium. Then the classical equations of orthotropic
elasticity are used in the analysis (Talreja, 1985, 1986; Christensen, 1988, 1990). No
distinction is made between the matrix and the fibers in this approach and therefore, this
approach lacks the ability to account for local effects and especially the effects of the
matrix—fiber interaction. There were some attempts to include damage using the continuum
approach (Talreja, 1985; Shen et al., 1985; Lene, 1986). However, these attempts lack the
distinction between matrix and fiber damage or damage due to the matrix—fiber interaction.

During the past two decades, researchers have been using micromechanical methods in
the analysis of composite materials. The advantages of using such methods are that local
effects can be accounted for and different damage mechanisms can be identified. Hill (1965,
1972) introduced volume averages of stress and strain increments in the matrix and fibers
and introduced certain concentration factors to relate these volume averages to the overall
uniform increments. Dvorak and Bahei-El-Din (1979, 1982, 1987) used Hill’s method to
analyse the elasto-plastic behavior of fiber-reinforced composite materials. They considered
elastic fibers embedded in an elasto-plastic matrix and identified two distinct deformation
modes ; matrix dominated and fiber dominated. They concluded that the fiber-dominated
mode is general in the sense that it can be treated as a general case of plastic deformation
of a heterogeneous medium.

A thermomechanical constitutive theory has been recently proposed by Allen and
Harris (1987) to analyse distributed damage in elastic composites. In particular, the problem
of matrix cracking has been extensively studied in the literature (Dvorak et al., 1985;
Dvorak and Laws, 1987 ; Laws and Dvorak, 1987; Allen et al., 1987, 1988 ; Lee et al., 1989).
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The theoretical formulation presented here is based on the concept of effective stress
that was originally proposed by Kachanov (1958). The pioneering work of Kachanov
(1958) started what is now known as continuum damage mechanics. Different researchers
(Lemaitre, 1985, 1986; Chaboche, 1988a,b; Krajcinovic, 1983, 1984) used continuum
damage mechanics to analyse different types of damage in materials ranging from brittle
fracture to ductile failure. However, no attempt has been made to use the concepts of
continuum damage mechanics to analyse damage in composite materials using the micro-
mechanical approach. It should be mentioned that some researchers (Talreja, 1985) have
used it to analyse damage in composite materials using the continuum approach by modeling
the composite as a transversely isotropic medium.

In this work, continuum damage mechanics is used with a micromechanical composite
model to analyse damage in composite materials. Both overall and local damage variables
are introduced to model the overall and local damage effects. Stress and strain concentration
factors are derived for the damaged composite. The model is applied in detail to a uni-
directional thin lamina that is subjected to uniaxial tension. It is also applied to a uni-
directional thin lamina under a state of plane stress. The research presented in this work is
the three-dimensional generalization of the uniaxial tension model derived previously by
the authors (Kattan and Voyiadjis, 1993).

2. THEORETICAL FORMULATION

2.1. Definitions and assumptions

Consider a body of fiber-reinforced composite material in the initial undeformed and
undamaged configuration C,. Let C be the configuration of the body that is both damaged
and deformed after a set of external agencies act on it. Following the concept of effective
stress (Kachanov, 1958 ; Murakami, 1988), consider a fictitious configuration of the body
C obtained from C by removing all the damage that the body (both matrix and fibers) has
undergone, i.e. C is the state of the body after it had deformed without damage. Assume
that the representative volume element in Cy is statistically homogeneous, and is free of
voids and cracks initially. Assume also that the composite is loaded by an overall stress or
strain field which is followed by increments of loading. The overall stress or strain fields
are assumed to be uniform. The effective overall stress is defined in the configuration C as
the stress in a perfectly-bonded two-phase composite free of cracks or voids.

The composite material is assumed to consist of elastic fibers and an elastic matrix.
The fibers are continuous, aligned and equally spaced. It is also assumed that the elastic
strains are small (infinitesimal). Therefore, the elastic strain tensor can be taken to be the
usual engineering ¢lastic strain tensor &. It is also assumed that there exists an elastic strain
energy function such that a linear relation can be used between the Cauchy stress tensor &
and the engineering elastic strain tensor &. In fact, the tensor rate é for small elastic
deformations is equal to the elastic part of the spatial strain rate tensor d where second
order terms are neglected.

In the following, quantities are defined in the configuration C of the overall composite
system. Barred quantities are defined in the configuration C of the overall composite system.
Only Cartesian tensors are considered in this work with their tensor components denoted
by subscripts with the usual summation convention. Quantities with a superscript M or F
refer to matrix or fiber related quantities, respectively. The superscript R is used to indicate
the matrix or fibers where no distinction between them is necessary. No summation is
assumed between a superscript and the corresponding identical subscript. It follows directly
that barred quantities with a superscript M or F (or R in general) refer to marix or fiber
related quantities, respectively, in the configuration C. For example, ¢ is the composite
(overall) Cauchy stress in C, 6 is the effective composite Cauchy stress in C, 6™ and 6" are
the matrix and fiber stresses in C, respectively, and 6" and 6" are the effective matrix and
fiber stresses in C, respectively.

The constitutive model is first formulated in the configuration € of the composite
system. Then the hypothesis of elastic energy equivalence (Sidoroff, 1981) is used to trans-
form the model into the configuration C of the composite system. In this hypothesis, it is
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assumed that the elastic energy for a damaged material is equivalent in form to that of the.
undamaged material except that the stress is replaced by the effective stress in the energy
formulation. For this purpose, certain transformation equations are derived for the com-
posite (overall) stresses and strains between the configurations C and C.

In the formulation, the Eulerian reference system is used, i.e. all quantities are based
on spatial coordinates. In Section 2.2, the necessary equations relating local and overall
quantities of the composite system are presented. The continuum damage mechanics equa-
tions are then derived in Section 2.3, Then the constitutive equations are derived in Section
2.4,

2.2. Composite analysis

In this section, the relations between the local (matrix and fiber) and overall (composite)
relations are presented in the configuration €. The analysis is based on the model given by
Dvorak and Bahei-El-Din (1982, 1987) and Bahei-El-Din and Dvorak (1989) utilizing a
representative volume element that is statistically homogeneous with uniform overall fields
of stress or strain. In this case, the composite system consists of an elastic metal matrix
reinforced by elastic, continuous aligned fibers,

In the configuration C, the effective stress tensor 6* is related to the effective composite
stress tensor 6 by

5'5 = Bﬁkzék:, H

where Bf;, is a fourth-rank tensor indicating the elastic phase stress concentration factor
and the superscript R stands for either M or F. The tensor B®(x) depends only on the
spatial coordinates x for the case of elastic deformation. In order to determine BR, certain
assumptions are employed, like the Voigt assumption where the matrix and fibers are
assumed to deform equally or the VFD assumption where the fibers are assumed to have
vanishing diameters while occupying a finite volume fraction. These two assumptions are
discussed briefly among others at the end of Section 2.4. The reader should note that the
tensor BX does not include any damage effect. This is the reason why effective stresses are
used in eqn (1) rather than the actual stresses. In the sequel, a damage phase stress
concentration factor will be derived in terms of B® and the damage variables.

As a result of volume integration and averaging of the local stress fields, the following
relation is obtained between the local (matrix and fiber) stresses and the overall stress in
C:

&ij = CMO'-,T;‘! +CF6§', (2)
where ¢™ and ¢* are the matrix and fiber volume fractions, respectively, given by:
=V, V=¥VM4+VF, 3

In eqn (3), ¥™ and V¥ are the matrix and fiber volumes, respectively, and V is the total
volume of the representative composite element. Using the assumption in eqn (2) and
substituting the relevant expressions for 6™ and 6" from eqn (1), one derives the following
relation between the elastic stress concentration factors for the matrix and fibers:

CMB?M"‘CFBEH = {(a S5+ 04 04), 4

where §,; is the Kronecker delta.

It is now seen that once the elastic matrix stress concentration factor B is determined,
one can use eqn (4) to find the corresponding fiber stress concentration factor BF. It also
follows from the symmetry of the stress tensor and eqn (1) that the stress concentration
factors B and B are symmetric in the sense B, = B, Although tensors BM and BF
have other symmetries, this is the only one needed in the derivations that follow.



2760 G. Z. Voviapss and P. 1. Katran

Next the effective matrix and fiber deviatoric stresses ™ and ¥, respectively, are
directly derived from egn (1) as follows:

fﬁ = Fl!;kla-kfs (5)
where the fourth-rank tensor F® is given by:
F;!}kl = B!!}k!m.%BE}klét'j‘ (6)

Using the relation (6) above, one can derive the following two useful identities:

Fru=0, )
ngngmn = B:}lell}mn (8)

In the next part of this section, the local-overall relationships for the effective strain
tensor £ in the configuration C are presented. Upon volume integrating and averaging the
local stress fields (Dvorak and Bahei-El-Din, 1982, 1987), the following local-overall
relation is obtained for the effective spatial strain tensor:

- M M FzF
&y =c & +c g, 9

where the appropriate relations for the effective matrix and fiber strain tensors are used as
follows:

5:‘} = A?}klgkb (10)

where AF,, is a fourth-rank tensor denoting the elastic phase strain concentration factor.
The same remarks outlined earlier about the tensor B® apply again to the tensor A®.

Substituting eqn (10) into (9), one derives the following relation between the elastic
matrix and fiber strain concentration factors:

MAY+ T AT = 10 8,484 83). (an

It is now clear that once one of the elastic strain concentration factors is determined, eqn
(11) can be used to determine the other one.

On the other hand, one may start with the quantity 6;&; and expand it using eqns (2)
and (9). Then one substitutes for the local stresses and strains from eqns (1) and (11) and
simplifies to obtain:

(CMB?}’H'*CFB?;M)(CMA%H + CFA{}M) = $(Otm O+ On Out)- (12)

The above equation represents the relation between the stress and strain concentration
factors for the matrix and the fibers. In view of the relations (5) and (12), it is clear that
eqn (12) reduces to an identity. It should be mentioned that once the stress concentration
factors B}, and B}, are determined, one can use eqn (12) to find a constraint relation
between the strain concentration factors A} and Af,.

2.3. Damage analysis

There are two steps that can be followed in order to develop a continuum damage
model for a composite system consisting of fibers and a matrix. First, one considers damage
in the overall composite system as a whole continuum. At this step, the model will reflect
various types of damage mechanisms such as void growth and coalescence in the matrix,
fiber fracture, debonding and delamination, etc. It should be noted that at this step, no
distinction is made between these types of damage as they are all reflected through the
fourth-rank overall damage effect tensor M. In the second step, one considers the damage
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that the matrix and fibers undergo separately such as nucleation and growth of voids and
void coalescence for the matrix and fracture for the fibers. In this case, two fourth-rank
matrix and fiber damage effect tensors M}, and M7, are introduced that reflect all types
of damage that the matrix and fibers undergo. Subsequently, the local-overall relations are
used to transform these local damage effects to the whole composite system. Therefore, it
is clear that the second step does not account explicitly for such damage mechanisms as
debonding or delamination. It is also clear that each step has certain advantages and
disadvantages. While the first step accounts for all types of damage in the composite system,
it cannot distinguish between them. In contrast the second step provides separate damage
analysis of the matrix and fiber material but lacks the ability to account for fiber-matrix
interaction damage. Therefore, the aim of the proposed model will be to combine the two
aforementioned steps in such a way so as to isolate the various local types of damage.
Following the first step outlined above and utilizing an overall damage effect tensor
M for the whole composite system, the overall effective Cauchy stress tensor ¢ is given by

Gy = M04. (13)

The above relation was first proposed for the uniaxial case by Kachanov (1958) and later
generalized to three dimensions by Murakami (1988) and Sidoroff (1981) in the framework
of the concept of effective stress. It then follows from eqn (13) that the overall effective
deviatoric Cauchy stress tensor 7 is given by (Kattan and Voyiadjis, 1990 ; Voyiadjis and
Kattan, 1992)

Ty = Nijklokla (14)
where the fourth-rank tensor N is given in terms of M as follows:
Nijkl = Mijkl_ %Mnkl 5ij- (15)

Certain useful identities follow directly from eqn (15). The main two identities used here
are listed below :

Nrrk[ = Os (16)
NijklNijmn = ijkINijmn- (17)

Next, the relation between the effective phase stress tensor 6® and the overall stress tensor
o is derived. This is done by substituting eqn (13) into eqn (1). Therefore, one obtains:

G'R

i = ,!}klakt, (18)

where the fourth-rank tensor K, is given by:
K:!}kl = Bt!}'mannkl' (19)

From the symmetry of B, discussed earlier, it follows from eqn (19) that the tensor KR
is symmetric in the sense KJy; = K}y, It should be noted that the tensor K® has other
symmetries, but these are not needed in the derivations.

Substituting eqn (13) into eqn (5), one obtains the following expressions for the
effective matrix and fiber deviatoric stress tensors :

TiI} = Rg'klo'kl’ (20)

where the fourth-rank tensor R¥ is given by :
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Ruk! Fumannkl (21)

Upon examining egns (5), (6), (20) and (21), one concludes that the tensors F® and R are
symmetric in the sense Fi,, = F&,, and R}, = R%,,. Furthermore, by substituting eqn (6)
into eqn (21) and using eqn (19), one can derive the following relation between the tensors
K® and R?:

lek/ Kl/kl 3K5kl 6ii' (22)
The tensor RM satisfies the two identities discussed earlier, namely RR,, =0 and
RBRBm = K Ry All these tensors have other symmetries but are not needed in the
derivations.

The overall damage relations for the composite system have now been presented in
eqns (13)-(22). The overail damage effect tensor M has been introducd to represent all
types of damage that the system undergoes. Following the second step discussed at the
beginning of this section, one introduces a phase (local) damage effect tensor M® that
represents the damage mechanisms in the phase material like nucleation, growth and
coalescence of voids for the matrix, and fracture of fibers. Therefore, the following local
transformation equation is assumed to hold for the phase stress tensor

65 = MYy oM. (23)

It now follows directly from eqn (23) that

T = Nijuog, 24

where the fourth-rank tensor N® satisifes the relations in eqns (15), (16) and (17). Com-
paring eqns (18) and (23) and simplifying, one derives the following relation between the
phase stress tensor and the overall stress tensor :

0':"} = E:!}klakh (25)
where

z]kl“ (M nu) lB:Enpq pakls (26)

where the inverse W) of a fourth-rank tensor W, is defined by W, Wiy = 649,,. The
fourth-rank tensor B® is the damaged phase stress concentration factor that includes
geometrical and damage related effects as can be seen from eqn (26).

It is now possible to derive the required relationship between the local damage effect
tensors MM and MF and the overall damage effect tensor M. Substituting eqn (23) into eqn
(2) and simplifying, one obtains the desired relation:

Mukl =C Mumannkl+CFMx]mannkl (27)

It is clear that eqn (27) relates the local damage experienced by the matrix and fibers to the
overall damage of the composite system. The damaged matrix and fiber concentration
factors appear in the equation as well as the matrix and fiber volume fractions. Substituting
for BM and BF from eqn (26) into eqn (27), one obtains:

Mijkl = CMB?]AmannkI‘i'cFBE‘mannkI- (28)

The above equation is an explicit relation between the effective local concentration
factors and the overall damage effect tensor. Examining eqns (27) and (28) carefully, one
concludes that once the local (matrix and fiber) damage mechanisms have been described
through the tensors MM and MF, then the overall damage in the composite system can be
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described which includes the matrix and fiber related damage as well as the damage resulting
from the interaction of the two phases such as debonding.

2.4. Constitutive equations

In this section, the elastic constitutive relation for the damaged composite system will
be developed. First, one starts with the overall system and assumes the material obeys
generalized Hooke’s law in the undamaged configuration C':

G i = Ex’jkl Exis 29

where Ej;,, is the constant fourth-rank elasticity tensor. The corresponding effective elastic
strain energy U in this configuration is given by

(7 = %Ez‘jkigij Eu- (30)

One now uses the Legendre transform and applies it to eqn (30) in order to derive the
following expression for the effective elastic complementary strain energy ¥:

V=13E;\6,64. 3D

In the damaged composite configuration C, the elastic constitutive relation takes the form
oy = Ein, 32)

where the fourth-rank tensor £y, is no longer constant but depends on the damage effect
tensor M,,k, Using the hypothesis of elastic energy equivalence, by equating the energy in

eqns (34) in both the damaged and undamaged configurations, i.e. ¥ = V, one derives the
following expression for E;;;; (Kattan and Voyiadjis, 1990) :

xjkl = M, qklErquMI;l] (33)

Differentiating eqn (31) with respect to &, and using eqns (13) and (33), one can obtain the
following transformation equation for the overall strain tensor in the configuration C:

M‘;P‘I Pe (34)

The above eqns (29)-(34) are a brief review of the elastic constitutive relations for a
damaged one-phase material and can be used as the overall relations for the composite
system. Next, one considers the local stresses and strains in an attempt to formulate local-
overall equations for the damaged composite system.

Similar relations can be shown to exist on the local level, that is, the strain trans-
formation equations for the matrix and fibers are similar to eqn (34) and take the following
form:

811 (Mumn - rlr{m (35)

One can now derive expressions for the damaged strain concentration factors. Substituting
the expressions of the transformation of the overall and local strains of eqns (34) and (35)
into eqn (10) and simplifying, one obtains

85 = Ji!}'klskh (36)

where the damaged strain concentration factor AR is given by :
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rjki = Mmm]Amnqu_ (37)

One then assumes the generalized Hooke’s law to hold for each of the phases in the
configuration C, that is

G = Efuéh, (38)

where Ef, is the constant elasticity tensor for the phase material. Substituting eqns (29)
and (38) into eqn (2) along with eqns (10) and (11) and simplifying, one obtains the
following local-overall relation for the.undamaged elasticity tensors:

Eukl =c AumnEmnkl+cFAumnEmnkl (39)

Assuming similar local relations to hold as those of eqn (38) in the configuration C, one
has

Gil} = E?}k.ve?;, (40)

where the tensor Ef,, is the damaged elasticity tensor for the phase material. Substituting
eqns (32) and (40) into an equation similar to eqn (2), written in the configuration C, along
with eqns (35) and simplifying, one obtains

Ex;k! =¢ ArjmnEmnkl + CFA;}memnkf (4 1)

Next, one considers the transformation equations for the local moduli of elasticity
E}, and E,,. Starting with eqn (41) and substituting for E from eqn (33), for A™ and AF
from eqns (37) and for E from eqn (39) and simplifying, one obtains:

Eukl —R Mmm/Erl}mpq(M kl)‘l (42)

The remainder of this section is left to determine a proper transformation relation for the
phase volume fractions ¢™ and ¢F. The authors see no direct way of deriving such equations
at the present time. However, in view of the relation given in eqn (33), the scalar ratios
c™/é™ and ¢ /é* can be determined by comparison. Therefore, the following transformation
equation is listed here without proof':

-R

5 (M) ™' My (43)

Pqif

Upon substituting the above transformation equation for c® into eqn (42), one obtains
simple relations for the transformation of the local moduli of elasticity similar to that of
eqn (33). It should be noted that eqn (43) does not imply a change in the phase volume
fractions. The quantities & and ¢* represent effective phase volume fractions in the fictitious
undamaged configurations CM and CF, respectively. They should be regarded similarly to
the effective stresses 6™ and 67 where they do not represent actual quantities, but effective
quantities in the context of continuum damage mechanics. The constitutive theory as well
as the relevant transformation equations have been presented for the analysis of damage
and small elastic deformation of fiber-reinforced composite materials. This is illustrated in
detail in Section 4 for the case of uniaxial tension.

The rest of this section is left for a brief discussion of the stress and strain concentration
factors. The simplest model available involves the Voigt assumption where the matrix, fiber
and overall strain rates are assumed equal. In our case, the Voigt model is applied to the
conﬁguration C in the form &) = & = §,. Substituting these into eqn (10) immediately
results in A%, = ,,k, = 1/2(6x 9;,+ 048,,). Using this result along with eqns (1), (29) and
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(38) will yield BY,, = E¥,,Eq\, and By, = E},., Eqn. Another widely known model is the
Vanishing Fiber Diameter (VFD) model. In this model, it is assumed that the cylindrical
fibers have vanishing diameters while occupying a finite volume fraction of the composite.
However, the resulting equations are not as simple as those of the Voigt model and the
reader is referrred to Dvorak and Bahei-El-Din (1979, 1982) for a detailed discussion of
the VFD model. Finally, it should be noted that more sophisticated models (Mori and
Tanaka, 1973) can also be used.

3. EVOLUTION OF DAMAGE

In order to study the evolution of damage in composite materials, one first needs to
investigate the nature of the fourth-rank damage effect tensor M. It has been shown
(Voyiadjis and Kattan, 1992) that using the Voigt notation for stresses and strains (i.e.
representing them as vectors instead of tensors), the tensor M, can be represented by a
6 x 6 matrix in terms of a second-rank damage tensor ¢. Therefore, it is clear (Voyiadjis
and Kattan, 1992) that the study of damage evolution involves the determination of
an appropriate kinetic equation for the tensor ¢;. One introduces the generalized
thermodynamic force y; that is associated with ¢;; by the definition (Lemaitre, 1985):

oU
o= —— 44
Vi = g0 (44)
such that 43,-1 y;; is the power dissipated due to the damage. The criterion for damage
evolution used here is that proposed by Lee ez al. (1985) and is given by the function g(y, B)
defined by :

9@y, B) = %Jijklyijykl—B(ﬁ) =0, (45)

where B(B) is a function of the overall damage parameter # and Jj;, is a constant fourth-
rank tensor that can be represented by a constant 6 x 6 matrix (Lee et al., 1985 ; Voyiadjis
and Kattan, 1992). In order to develop an evolution equation for the damage variable ¢,
one considers the power of dissipation IT given by :

II= _ypq‘»b-pq_BB' (46)

The problem is to extremize IT subject to the constraint g = 0. Therefore, one introduces
the Lagrange multiplier 1 and uses the Lagrange multiplier method to obtain A = § and

. . 0g
Bpg = — W 47)

In order to determine g, one uses the consistency condition g = 0 in the form

o9 . og .
5}; Vpg t+ 2B B=0. (48)

Substituting for the partial derivatives of g from eqn (45) into eqn (48) and solving for §,
one obtains :

) ] Jpqmnymnyl)q
p=21= 3Bf 49

Substituting the above expression of ﬂ into eqn (47), one obtains the required evolution
equation for the damage tensor ¢,;:
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_Jpqmnymnypq 5‘1

L T 0

The solution of the above kinetic equation hinges on the determination of an appro-
priate expression for the function B(f). One may use a linear function in the form
B(f) = ¢\ f+c, where ¢, and c, are constants. This is motivated by analogy to the isotropic
hardening parameter « in the theory of plasticity, where the evolution of « is taken to be
K = (£;€])"/* where &} is the rate of plastic strain. Analogously, using B = (88)"? will yield
a linear function B(f) as proposed above. An example is given in the next section where
the evolution equation is solved for the case of uniaxial tension with a linear function B(f).

4. EXAMPLE 1: UNIAXIAL TENSION OF A UNIDIRECTIONAL LAMINA

Consider a unidirectional fiber-reinforced thin lamina that is subjected to a uniaxial
tensile force T along the x-direction as shown in Fig. 1. The lamina is made of an elastic
matrix with elastic fibers aligned along the x,-direction. The x,- and x;-axes are assumed to
lie in the plane of the lamina. Let dS be the cross-sectional area of the lamina with dS™ and
dS* being the cross-sectional areas of the matrix and fibers, respectively. In the fictitious
undamaged configuration, let the cross-sectional areas of the lamina, matrix and fibers be
denoted by dS, dS™ and dS¥, respectively. Since the lamina strictly consists of a matrix
and fibers, it is clear that dS™+dSF = dS, dSM+dSF =dS, dS < dS, dSM < dSM and
dSF < dST (Kattan and Voyiadjis, 1992).

The overall stress, strain and damage tensors o, ¢ and ¢ for this problem can be
represented using the following vectors:

o € ¢1
o= 0 £l &= 82 £l ¢_=— ¢)2 ’ (51)
0 &3 d)}

with similar vector representations for their corresponding effective and local counterparts.
The uniaxial stress ¢ appearing in eqn (51) is clearly given by ¢ = T/dS with the uniaxial

X3

I

Fig. 1. Unidirectional lamina under uniaxial tension.
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effective stress & given by & = T/dS. The overall damage variable ¢, is defined by (Kach-
anov, 1958)

_ ds—ds

¢l dS

(52)

It is clear from eqn (52) that ¢, takes the values between 0 for undamaged material
to 1 for (theoretically) complete rupture. However, the actual value ¢, where failure occurs
is less than 1 and satisfies 0 < ¢ < ¢, < 1. Two local damage variables ¢} and ¢¥ can be
analogously introduced and defined by :

ds®—dSs®

It follows directly from eqn (53) that 0 < ¢} < 1. Using eqns (52) and (53) along with the

area relations discussed in the beginning of this section, one can easily derive the following
relation between the local and overall damage variables:

¢ = MY +cF gl (54)

It should be mentioned that the uniaxial local and overall stresses g, c™ and ¥ satisfy
a similar relatior to that of eqn (54) and is given in tensor form by eqn (2). The relation
between the overall stress ¢ and its effective counterpart & can be easily shown to be given
by

g

6=
1-¢,

(55)

Using eqn (2) and a similar equation for the effective stress, one can assume the local
stresses to be given by:

O.R

IR

O:R

(56)

In view of eqn (55), it is clear that the relations (56) satisfy the requirements given by
eqn (2). Comparing eqns (55) and (56) with the general transformation equations (13) and
(23) and considering the notation of eqn (51) for this problem, the damage effect tensors
M, M™ and MF can be represented by the following matrices :

TT-}?E 0 0
M=| 0 }_1(;52 o |, (57)

1

0 0 ey

ﬁ‘?ﬁ o 0
MR=| 0 1_1¢2R 0o | (58)

oo 1__1(#_

SAS 30:20-D
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It should be mentioned that the matrix representation of the damage effect tensor M
of eqn (57) applies only to the problem of uniaxial tension considered here. For a general
matrix representation of the tensor M, the reader is referred to the recent paper by Voyiadjis
and Kattan (1992).

The overall elasticity tensor E,;, can be represented by the following matrix where an

orthotropic material is assumed :

M 1
L £ TR )
E, E, E,
—y 1 —v
E-'= ER . =
E, E, E; (59
Vs =V 1
E, E, E; ]

Using the representations of M and E in eqns (57) and (59), and substituting them into the
transformation equation (33), one obtains the following matrix for the damaged elasticity

tensor £,

I 1 —Va —V3 ]
E(-6)  E(—¢)1-¢7) E(1—é)l—d5)
w1 — ¥V 1 -V,
= ET=60(=¢y E(—6)' E=dni=gn| O
— Vi3 — Va3 1
LE(1-¢)(—¢3) Ex(1-¢,)(1—6¢)) E;(1-¢5)*

Considering a matrix representation for E~' similar to that of eqn (59) but with all
quantities replaced by barred quantities and comparing it with the matrix in eqn (60), one
obtains the following transformation equations for the overall elastic properties :

E, = E(1—¢)? i=1,2,3(nosum), (61)
5= v, gzz_ . i j=1,23(n0 sum). (62)
J

Next, one uses the transformation equation (26) for the phase stress concentration
factors, and substitutes for the damage effect tensors from eqns (57) and (58) to derive the
following matrix representation for the damage phase stress concentration factor B,

—1_ R 1__ R 1— R
. ¢‘ BY ‘(’;‘ Bt ;’Z‘ BY,
— ¢ — %2 — 3
_ 1—¢8 1—¢R 1—¢%
R _ 2 pR 2 pR 2 pR 63
Bt =14 BY 7o, 8% 1oy BN (63)
_ BR _BR
Ll_¢1B3l 1—¢2 32 1— ¢, 33‘

where the terms B} are the elements of the matrix representation of Bjy,.
Similarly, one uses the transformation equation (37) for the strain concentration factors
to derive the following matrix representation for the damaged phase strain concentration

factor Afj;:
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(1-¢, . 1=, o 1-9,
T S S s
- 1"“¢2 1"‘¢2 1_¢2
R_E R R AR s 64
1— 1— 1—
e

where the terms AF are the elements in the matrix representation of Af,;.
Finally, one writes the transformation equations for the volume fractions ¢™ and cF.
Using eqn (43) along with the matrix representations (57) and (58), one derives:

P (65)

Alternatively, the above relations can be derived independently using the definitions of ¢M
and cF as area fractions for this problem, along with eqns (52) and (53). Finally, one can
use eqns (42) and (43) to derive transformation equations for the local elastic properties.
However, the resulting equations are similar to eqns (61) and (62) with superscripts M or
F and will not be listed here.

In order to characterize damage evolution for this problem, one uses eqn (50). For
this problem, the kinetic equation (50) reduces to

P -y

where ¢, and y, stand for the tensor components ¢, and y,,, respectively. Using a linear
function B(f) = ¢,f+c, where ¢, and ¢, are constants, substituting it into eqn (66) and
solving the differential equation, one obtains

br=—5". ©7)

The above equation represents the relation between the damage variable ¢ and its associ-
ated thermodynamic generalized force y, for the case of uniaxial tension. One then sub-
stitutes for y, from eqn (44) along with eqn (30) into egn (67) to obtain:

¢l MES 6 ,
(—¢)° 3¢, " (68)

Equation (68) represents the overall strain-damage relation for the case of uniaxial
tension. Similar relations can be derived for the local strain and damage variables.

5. EXAMPLE 2: A UNIDIRECTIONAL LAMINA UNDER PLANE STRESS

Consider a unidirectional fiber-reinforced thin lamina that is subjected to a case of
plane stress in the 1-2 plane as shown in Fig. 2. The lamina is made of an elastic material
with elastic fibers aligned along the x,-axis. Both the x,- and x,-axes are assumed to lie in
the plane of the lamina, while the x;-axis lies in the transverse direction to that plane. A
complete damage state is considered, although the lamina is under plane stress. Therefore,
all the damage variables are assumed nonzero in this example. For this case of plane stress,
the stress and damage tensors are represented by the following matrices :
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X1
X2 {

X3

Fig. 2. Unidirectional lamina under plane stress in the -2 plane.

gy G2 O

leil=|o12 02 Of (69)
0 0 0
d11 b2 dis

[¢ij]= b2 D22 @a3 | (70
b3 b 3

The transformation equation (13) gives rise to a nonsymmetric effective stress tensor.
Therefore, before proceeding with this example, one needs to symmetrize the effective stress
tensor 6. One of the most popular symmetrization procedures is given by the equation

G = 30w (O — i) "'+ Gu— )" oyl (71
Before substituting eqns (69) and (70) into egn (71), one needs to find the inverse of the

tensor ,;— ¢;;. This is found simply by obtaining the inverse of the matrix [3,,— ¢;;] through
the use of the symbolic manipulation program REDUCE. The resulting matrix is given as:

1
0;—¢,1 ' = A

(1=¢2)(1—¢3)— b3 ¢3¢+ ¢1(1—13) 12023+ P13(1 —¢22)
XU 130 +¢(1—¢3)) (1= )(1—d33)—dis  ddi+dnl—¢) [ (72
D12023+ P 13(1 —22) P11+ dn(1—¢)  (1—=¢,)(0—d2)—d1,

where A is given by

A=l '“¢‘n)(1 "(bzz)(l —‘?533)“"(15%3(1 ‘4’1 1)
— 11— ¢22) = d1a(1 = 33) =20 12023015 (73)
Next, one substitutes eqns (69) and (73) into egqn (71) and simplies the resulting matrix.

Using the vector representation [¢,; &,, ©,,]" for the stress tensor a, and likewise using
[6,, G5, 6.1 for the effective stress tensor &, the resulting equation can be rewritten as:
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G M, M, Mi||o
Gyaf =\ My My My |00, (74)
G, M, M;, M;;lley,

where the coefficients of the matrix M of eqn (74) are given by:

(1=¢22)(1-¢33) —¢3,

M, = A (75a)
My, = (1—¢11)(1A—¢33)—¢f3’ (75b)
M, =M%@, (75¢)
M, =M, =0, (75d)
M,, = 2M;, =¢12¢’23+¢A|2(1—¢33)’ (75¢)
My =2M4, = M ;. (75f)

The above equations were obtained using the symbolic manipulation program REDUCE.
For the case of plane stress discussed in this section, the overall elasticity tensor E,
is written here for an orthotropic material indirectly in the following form:

1 Vi

E, " E
v 1

E'=| -2 — :
E, E, 0 (76)
1
0 0 —
- G]2_4

Using the representation of M and E™' in eqns (75) and (76) and substituting them into
the transformation equation (33), one obtains the following matrix for the damaged elas-
ticity tensor E;:

1 E, E, E;
E' =K§ E,, E;, Ex;| an
13 Eyy Ess

where the terms in the above matrix are given by :

E1,=A—f§%+%%, (78a)
Ey = ME—fz + ;‘21 (78b)
Ei; = —v,zM“M“ Mis (78d)
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M M M +M
E” - M|3[ Ell -V, EH + ( !21G 22)]’ (788)
i 1 12
M,, M,, (M, +M,)
Eyy =M, —= —Vy = A R
23 IS[EZ Vo E, + 2%, (781)

The inverse of the matrix in eqn (77) should be equivalent to the effective elasticity
tensor Ej;; given by:

1 Via ]
£ F °
v 1
-1 = — ﬁ ol
B-| -3 g 0 (79)
1
0 0 e
i G,

'I:_he £elations bet\_veen the elastic constant £, E,, v,,, G, and the effective elastic variables
E,, E,, v, and G,; can be obtained by equating eqns (77) and (79). After some lengthy
algebraic manipulations one arrives at the following relations :

_ A? [ M, +M,, ]
E,=F = , 80
: "M\, M +M My —(1-v )M, (80a)

- A? [ M, +M,, J
E,=E — 1, 80b
My [ ML+M My—(1—v, )M (806)

Vl2(M%2+MHM22)_(I_VIZ)M%’&
= , 80c
TS M, M Moy — (v )M (80c)
G,=G . 80d
2= G G M) (M M= M) (80d)
In addition, one obtains the following relation:

vioE, = vy B\ (81)

The above relation holds for the damaged composite system and is similar to the usual
composite relation for effective quantities v,,E, = v,,E,. It should be noted that in eqn
(80a), E, is a function of both E, and v, in addition to the damage variables. Similarly, in
eqn (80b), £, depends on E,, v,, and the damage variables. On the other hand, it is clear
from eqns (80c) and (80d) that ¥,, depends only on v,, and G, depends only on G, in
addition to the damage variables. An expression for ¥,, in terms of v,, can be obtained
similar to egn (80c).

When using the principal damage variables ¢,, ¢, and ¢, eqns (80) reduce to:

- AV
E, =E|(M”), (82a)
- A Y
E,= Ez(m) (82b)
Gis = v, 22 (82¢)

MH
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- 2A ¥
= —]. 2
G G12<M11+M22) (82d)

Substituting for M;,, M,, and A from eqns (75) into eqns (82), keeping in mind that
¢13= o3 =, = M,; =0, one obtains:

E = E(1-¢))> (83a)

E, = Ex(1-¢5)%, (83b)
1—

Vip = leT_:%a (83¢c)

372
G, = Gn[z(l—wa—¢2)2(1—¢>3) ] ' ®3d)

(1-¢)+(—¢2)

Equations (83a)—(83c) are similar to eqns (61) and (62). Thus, the expressions involving
principal damage variables reduce to those of the uniaxial tension case of the previous
example. The only new equation here is eqn (83d) which relates shear quantities that do
not exist in the uniaxial tension case.

Equations (83a) and (83b) are easily interpreted by the deterioration of the stiffnesses
E, and E, for a damaged composite system. In this case, the stiffness degradation is
parabolic as shown in Fig. 3 for E|. The influence of damage on Poisson’s ratio v,, is shown
in Fig. 4. This graph is plotted using eqn (83c) showing the variation of the ratio v,,/v,,
with the principal damage variables ¢, and ¢,. It is clearly shown that when ¢, = ¢, =0,
the ratio v,,/v,; = 1. When ¢, = 0, the ratio v,,/v,, becomes the hyperbola 1/(1—¢,).
When ¢, = 0, the ratio v,,/v,, becomes the straight line 1 —¢,. On the other hand, when
¢, approaches 1, the value of 7, clearly approaches zero. Also, when ¢, approaches 1, the
ratio V,,/v,, approaches infinity indicating complete rupture.

Figure 5 shows the variation of the shear modulus ratio G,,/G,, with the principal
damage variables ¢, and ¢, as given in eqn (83d) for selected values of ¢,. In Fig, 5(a), the
value of ¢; = 0is used in the results. It is clear that for the case of no damage (¢, = ¢, = 0),
the ratio G ,/G,, is equal to 1. However, when ¢, = 0, the ratio approaches the hyperbola
[2(1 —¢,)*/(1 + (1 —¢,))]*. A similar hyperbola is obtained in the variable ¢, when ¢, = 0.
Itis interesting to note that when either ¢, or ¢, approaches 1 (indicating complete rupture),
the value of G|, becomes identically zero. Therefore, the effective elastic moduli vanish

1.00
]
0.80 ;

0.60 3

o]

0.40

0.20

3
3
4

0.00
0.00 0.20 0.40 0.60 0.80 1.00

+
Fig. 3. Variation of £,/E, with the damage variable ¢,.
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Fig. 4. Variation of ¥,,/v,, with the damage variables ¢, and ¢,.

when the composite system undergoes complete rupture. Figures 5(b) and 5(c) show the
results for values of ¢, of 0.25 and 0.5, respectively.

The phase damage effect tensor M, is considered here to have the same form as the
overall damage effect tensor M given in eqns (74) and (75). This tensor takes the form:

MF, 0 MY
o My MY, (34)
MY AMY J(MY +M5)

(M) = AR

where AR, MY, M%, and M%, are given by:

i
/
1
I
/
;
=
®
S
o 3
S 3
s
% 3
- o _
G2 s =
iz, s
Gz 3 =
8 3
SH|
~ 7 ;
3
s 3 $
()
)
)
1=

Fig. 5(a). Variation of G,,/G,, with the damage variables ¢, and ¢,.
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Fig. 5(¢). Variation of G1,/G,, with the damage variables ¢, and ¢,.

A = (1= 1) (1~ $5)1 ~ %)~ (@3) (1 - 1)
~ (@) (1= 8%~ (@R (1~ d53) — 265, 85,41, {B5a)

M§l == ({"“fii’lzzz}(f ”@?3)“(‘?‘2{3)2» (8513}
M5, = (1—-¢f)(1 -85 —(@T)% (85¢)
My = o905+ o1, (1 ~ ¢54). (85d)

The expressions for M® and M given in egns (75) and (85), respectively, are substituted
into the transformation equation {26) to obtain the matrix and fiber stress concentration
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factors for the case of plane stress. The phase stress concentration factors B} are then given
by: ‘

rBllllw ”lll ll2 113 114 115 1161 KBI!{IN
52R2 l|2 122 123 124 125 126 8‘2{2
y ng \ L 11'5 123 331 234 135 i{3& J B%’i
- = >
BY, Lo b Dl bs he| | BN [ (89
EI}} ISI [52 [53 154 155 156 BT?
\Bl;}J ,,l61 162 163 164 165 166 \BI§3 J
where L is given by:
A
L (87

T ARIME (M) (MR IME, = (M) (MY, + M)

The coefficients /, in the above matrix are given in the Appendix and the terms BY are the
elements of the matrix representation of the tensor BY,.

In the same way, one can use the transformation equation (37) for the strain con-
centration factors A%, and A%, to obtain results corresponding to eqn (86). The resulting
coefficients look similar to those in eqns (A1)—~(A33) of the Appendix and are not shown
here for the sake of simplicity.

6. CONCLUSION

A micromechanical model is formulated to study damage in fiber-reinforced composite
materials. The composite material is asssumed to consist of an elastic matrix and elastic,
aligned fibers. In the formulation, small elastic strains are assumed. An overall damage
variable is introduced to model damage in the composite system while two local damage
variables are used to model damage in the matrix and fibers. The overall and local damage
variables are then related through the matrix and fiber volume fractions. The concept of
effective stress and the hypothesis of elastic energy equivalence are used to derive the
transformation equations between the damaged configuration and the fictitious undamaged
configuration. In addition, new expressions are derived for the stress and strain con-
centration factors of the damaged composite.

The model is applied to a unidirectional fiber-reinforced thin lamina subjected to
uniaxial tension. It is also applied to a unidirectional thin lamina subjected to a state of
plane stress. In these examples, explicit expressions are derived for the overall and local
damage effect tensors through their matrix representations. The relations between the
damaged and undamaged elastic properties are also derived using the proposed model.
Stress and strain concentration factors for the damaged matrix and fibers are also derived
in terms of the undamaged concentration factors and the damage variables. The research
presented in this work is the three-dimensional generalization of the uniaxial tension model
derived previously by the authors (Kattan and Voyiadjis, 1993).

In this manuscript, it is the aim of the authors to provide at least one example where
an analytical solution is possible. The authors are currently engaged in the finite element
implementation of this theory in order to tackle more complicated problems and simulate
actual damage processes. In addition, the authors have conducted experiments on titanium
plates reinforced with SiC fibers in order to validate the numerical results. The authors wish
to limit the present manuscript to the theoretical formulation of the theory and present the
results of their numerical and experimental work in a forthcoming paper (for more details
see Voyiadjis et al., 1993).
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APPENDIX
Ly = M [(M5)2 + MY MY, — (M%), (AD)

I, =0, (A2)
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Ly = —M ;M5MY,,
Ly = Mu(Mlllz)z,
s = M3 [(M5;)* + MY M5, — (M) —2M M5, MY,
L =M13(M‘113)2,
by = My [(M5))* + M M5, — (MT;)?),
bLy=—M M} MY,
= My (M),
s = M ,(MY,)%,
b = M [(MY) + MY M5 — (M) —2M, ME MY,
iy = MMM (M, +M,,),
Ly = —M ;M3 (MY, + M%),
Iy; = = M5(M MY —2MY M3+ M MY,
lig= — MY (M MY —2M3UM  + M \MY,),
1y =0,
Ll = My (MTH)?,
lyy = —M ;M5 ME,,
lLig = Mp[(M5) + MG M5, — (MT)7],
lLis = M I(M5) + ME M5, — (M),
lig = MY (M ;MY —2M,,MY,),
L5y = M [(M5)> + M M5~ (MT)7,
sz = M3 (M%y),
Iy = ~M5MYN(M |, +M,y),

Ly = M ;MY (MY, + M3,),

g = My, [(M5) + MY M5, — (MY )+ M5, (M M5+ M MY —2M  MY,) — M (M),

Isg = MY (M| M%+ M, MY —2M M%),
loy = M3, (M%,)%,

les = M IMY M, +(MT)7 ~ (M%)7],

Ly = — M5 MM+ Myy),

log = M JMB (MY, + M5,),

l(\S = Mli‘J(MI|M$3+M22M$3—2M)1‘1M13)’

Igs = M [M¥ M3+ (M%)2~ (M52 )+ MY (M M5+ M MY, —2M M5 — M (M)

(A3)

(Ad)

(A5)

(A6)

(A7)

(A)

(A9)
(A10)
(All)
(A12)
(A13)
(A14)
(A15)
(A16)
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(A18)
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(A22)
(A23)
(A24)
(A25)
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