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Introduction

Abstract Structural applications using composite
materials continue to increase in the aerospace
This paper presents a model for predicting engineering community. This is primarily due to
the 1ife of laminated composite structural the fact that aerospace applications are driven
components subjected to fatigue induced by high specific strength accompanied by low
microstructural damage. The model uses the mass. Although composites are expensive when
concept of continuum damage mechanics, wherein compared to monolithic materials, their improved
the effects of microcracks are incorporated into properties can make them cost effective
a damage dependent lamination theory instead of alternatives in such applications as space
treating each crack as an internal boundary. structures, wnerein the cost of launching a pound

Internal variables are formulated to account for of mass is exorbitant.
the effects of both matrix cracks and internal Although composites possess many inviting
delaminations. Evolution laws for determining material characteristics, there are nevertheless
the damage variabTes as functions of ply stresses some shortcomings. Possibly the most significant
are proposed, and comparisons of predicted damage one is the fact that most composites develop
evolution are made to experiment. In addition, microstructural damage when subjected to long
predicted stiffness Tlosses, as well as ply term fatigue conditions. This is due to the fact
stresses are shown as functions of damage state that combining two materials with dissimilar
for a variety of stacking sequences. mechanical properties results in a multitude of

stress singularities when external loads are
applied. These tremendous gradients contribute
to stable microcraking which continues to evolve
throughout the 1ife of the structural component,
and, in many circumstances, the damage leads to

- ultimate fracture of the part and subsequent
*  Professor, Associate fellow AIAA failure of Lhe structurc
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Experimentally, tnis evolution of damage is



Figs. 1-4 |2]|, wherein successive damage states
are shown fur a coupon of graphite/epoxy (0/905)

composite subjected to fatigue loading. In the
photos the coupons have been subjected to
uniaxial loading 1in the vertical direction,

leading to transverse matrix cracks in the 90°
plies (horizontal lines), longitudinal splits in

the 0" plies (vertical 1lines) and interply
delaminations between the 0° and 90° plies
(shaded grey areas). Typically, the matrix

cracks induce stress concentrations which precede
the growth of delaminations, as shown in Fig.
5. Furthermore, this damage is accompanied by a
small loss in component axial stiffness, as shown
[t has been conclusively determined
so that the

damage state and resulting stiffness are strongly

in Fig. 6.
that the damage is stress induced,

affected by load history. In addition, the
growth of damage 1is dependent on stacking
sequence, as illustrated in Fig. 7. Note that

the delaminations tend to propagate normal to the
loading direction in a (0/903)¢ laminate, as
opposed to vertically in a (0/902)S laminate. It
is hypothesized that these variations are due to
ply caused by
changing the ply stacking sequence. In fact,

differences In level stresses

Fig. 1. Enlarge X-ray radiograph of #1 (0/905) ¢
LVE, (C=260,000, (f=2.0 Hz, R=0.1,
Lmax.=10.230 KN)
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in some
sense beneficial because the integration of two
separate brittle materials

this proce:s can be considered to be
a

results in damage,

which is a ductile-like phenomenon, thus causing

load transferral not unlike that which occurs in

metals.

The current procedure for predicting life in
composites seems to be largely phenomenological
in nature; that is, the method of analysis is in
most cases dependent on component geometry, load
history, even stacking sequence and
conditions. Probably the most
direct procedure utilizes ad hoc failure laws not

dand
environmental

unlike Miner's rule [2,3]. As a result, they
apply only to a predetermined geometry and
stacking sequence. Perhaps the most ambitious

approach uses linear elaslic finite elements and
treats each crack as an internal boundary sub ject
to determined by mechanics
criteria [4,5]. While this 1is desirable and
probably the most accurate approach, it would
require supercomputing capability for a typically
complicated damage state.

growth fracture

For the past several years the authors have

been developing an alternative model for
predicting damage development in laminated
composites. The model can be used for any

Fig. 2. Enlarged X-ray radiograph of #1
LVE, (=588,000, (f=2.0 Hz,

Lpax,=10.230 KN)

(0/90,)
R=0.1,



stacking sequence, wusing only initial linear
elastic orthotropic ply properties. It has the
capability t¢ predict the effects of matrix
Cracks ana delaminations on ply stresses.
Therefore, 1t can be used to predict damage
evolution a< a function of load history such as
that shown 11 Figs. 1-4. Furthermore, the model
may be usev 1o model the responses of beams and
plates with stress gradients, so that it is not
component spe.ific. At the time of this writing
the model ndx reached o fairly advanced state,
although it would be premature to call the model
mature al tnis point. This paper gives a brief
review of the current state of development of the
mode1. Alihough we do not pretend to suggest
that the model is a usable design tool at this
time, we are hopeful that the methodology
suggested nherein is moving in the right
direction.

Model Deve lopment

The structure is modelled as a simply
connected domain, with the effects of
microcracking reflected by a set of internal
state variables (ISV's) which enter the problem
description via the constitutive equations.
Thus, the necessity to model each crack with tens
(or hundreds) of finite elements is obviated with
little loss of accuracy and considerable
computational savings. To this end, the approach
is similar to self-consistent schemes [6] and
global-locai methods |7] wutilized in other
applications.

The necessary parts of the model are as
follows: 1) a kinematic description of the damage
state; 2) a damage dependent set of ply level
stress-strain relations which account for matrix
cracking; 3) a damage dependent lamination theory
which models the effects of interply
delaminations; 4) a set of damage evolution laws
for predicting the load nistory dependence of the
damage state at each material point; 5) a
structural algorithm for modelling the response

Fig. 3. Enlarged X-ray radiograph of #1 (0/902)
s

LVE, C=588,000, (f=2.0 Hz, R=0.1,
Lyax. 10230 KN)

Fig. 4. The state of a delamination group in

—
pecimen #1 of (DIQOZ)S laminate,

(=1,030,000,  (f=2.0 Hz, R=0.1,
Lpax.=10.230 KN)
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of components with spatially variable and load
history dependent stresses and damage; and 6) a
failure function for predicting unstable crack
growth leading to loss of component structural
integrity. These parts are described briefly in
the following subsections.
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Fig. 5. Delamination Area vs Load Cycles Graph:
(0/905) ¢ Specimen
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Fig. 6. Normalized axial Modulus vs Delamination
Area Graph: (0/902)s Specimen

Kinematic Description of the Matrix Cracking

Since matrix cracks appear to be the first
mode of damage to occur in all cases, it would
seem that they should be modelled first.
Typically, these are of a scale which is very
small compared to the geometry of a structural
component. Thus, it is hypothesized that a local
volume element may be selected which is small
compared to- the boundary value problem of
interest and, at least for the case of matrix
cracking, the damage can be gassumed to be

statistically spatially homogeneous in this

element. Mocelling the effects of matrix cracks
would then appear to be ideally suited to the
approach taken in continuum damage mechanics. In
this approach, first proposed by L.M. Kachanov in
1958 [8], it is hypothesized that the effect of
microcracks may be locally averaged on a scale
which is small compared to the scale of the
structural component. Although the procedure has
been extensively wutilized in the literature,
until recently it has not been applied to
laminated orthotropic media [9-13].

A straightforward and direct approach to
averaging the kinematic effects of cracks within
the local volume element was taken by Vakulenko
and M.L. Kachanov in 1971 [14]. This average is
given by the rollowing second order tensor:
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Fig. 7. State of grouping of delaminations,
shown 1in Fig. 5. in #1 (0/903)s
laminate, ¢=200,000 (f=2.0 Hz., R=0.1
Lpax.=10.230 KN)
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where Q?J
ply, ¥, is an arbitrarily chosen Tocal volume
element of ply thickness which is sufficiently

targe that a?j does not depend on the size of Vi .

fos . . .
uy are  crack opening displacements in Vi
a? are the components of a unit normal to the

crack faces, and SC is the surface area of matrix

is the ISV for matrix cracking in each

cracks in V;, ds shown in Fig. 8.

Fig. 8. Defdrm&tien Geometry for Region AL.

Ply Level Stress-Strain Reldations

For ihe casé where all matrix cracks are
normal 16 the laminate plane the local volume

averaging process can be shown to result in the

following ply Tevel stress-strain relations
[15,164:
_ - "
(e, ) Uy Oy Q3 Yy U5 O “L, " %x)
) M
L, U Qp Qp3 U Qs O L G‘gy
o, Ao Vs B3l U U5 U5 L, “‘zz>
¢ g 05, Qs 8,0 Q g vy =0
Ly 11 By U Y Us e Ly
o Ui Q5 U YGs 955 w =0
XE b 44 M
o Gy @ Quor Uy @ g ¥ e
k_l‘xy.s L6 "26 Y36 46 T56 66 \ny xy )
(2)
where Qij are components of the @elastic

(undamaged) modulus ‘tensor in ply coordinates,
and the subscripts L imply thay the components of
the ‘stress and strain tensor are locally averaged
[1sl.
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Damage Dependent Lamination Theory

for matrix
homogeneity ‘cannot  be
Although statistical
homogene ity appears to hold in ‘the plane of the
teminate, the same
through-thickness direction.

Unlike the ply level wmodel

cracking, statistical

assumed for delaminations.

cannot be said for the
Thus, damage
accounted for via area averaging in the laminate

is

plane, accompanied by
through the thickness.

a4 kinematic assumption
Accordingly, the laminate
equations are constructed by assuming that the

Kirchhoff-love hypothesis may be modified to
include the effects of Jump displacements
u?, v?, ang w?, ag well as Jump
rotations 85 and vy for the 9th delaminated ply
interface, as shown in Fig. 9. Mathematically,

then [17]

witnz) = Ciay) -z 18" # Hzez) 6 1+ Hiz-zy) ol

(3)
o o 1] 1}
vity,z) = vy <z b+ Blzezy) bl ¢ H(zezg) vy
(4)
and
; 5 i}
wixoyszd * w (X} b -z} v (5}
where the superscripts ¥ imply undamaged
midsurface guantities, and H{z-24} 18 the

Heavyside step function. Also, a repeated index
1 dn a product is intended to imply summation,
and the superscripts 0  imply displacement

components across the delamination.

L — et
. \ 8 -
»: . z o
*
B, 1 .
i 11
Bi-f'l v
11
7

Fig. 9. Schematic of Jelaminated Region in a
Composite Layup.



The gisplacement eguations are averaged over
the ‘tocal area in order to produce
dveraged displacements to be utilized
laminate formulation. Thus,

Tocally
in the

uL(x,y,z) ¥ *ii fgiuo‘ P ﬂ{znzi}(sg}} + Hze2y} ugidxdx
(8}

velxayag) = ‘%i. fﬁ%vﬁ» z{eﬁ«b iiiz-zi}{&%?} + &{:*ziiz v%iéxéy
and ) o
n

w {xya2) = éi fklwﬁ +hzz) oy @)

L

By averaging the displacements, the delamination
Jump discontinuities are
over AL‘

The laminate equations may be
obtained by substituting equations (6) through
{8) into the strain-displacement equations, and
this result into equations (2). This result is
then integrated through the laminate thickness
and the divergence theorem is employed to obtain
the following laminate equations [17}:

also averaged

resiultant

n
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where (N} and {M} dare the resultant forces and

moments per unit length, respectively,
and {aM}R and {a?% represent the damage due to
matrix cracking and interply delamination,
respectively. Furthermore, n is the number of
plies, and d is the number of delaminated ply
interfaces,

The internal state variable for

delamination, {a?}, 1s obtained by employing the
divergence theorem on & local volume element of
the laminate.

The resulting procedure gives [17]

b

ajy = §§j~ T w?nzds (118}
L SE%
oD = g% [ vinyas (11b)
Li SZi
o = g5 [ uinyas (11¢)
[ 321
ah. = %‘E jg'wgazds (11d)
32
ags = —é—i é 60n,ds (11e)
524

where the subscript 1 1% associated with the ith
delaminated ply interface. Furthermore, V4 is
equivalent to tyhA;, where ¢y is the thickness of
the two plies above and below the delamination
{17}. By definition, the z component of the unit
normal, ng, is equivalent to unity. The matrices
101 with subscripts k are the standard elastic
property matrices for the undamaged plies. The
matrices [Q] with subscripts 1 apply to the ith
delaminated ply They vepresent
average properties of the plies above and below
the delamination [17].

While the damage-dépendent laminate analysis
model may be used to predict any of the effective
engineering moduli for & laminate, experimental
results are only available for the axial modulus
and Poissen's ratio. Therefore, ‘the general
atility of the model is demonstrated by comparing
model predictions to experimental results for E
[18].

interface.

and Yy
Model

predictions have been made for @



typical graphite/epoxy system. The bar chart
shown in Fig. 10 compares the model predictions
to the experimental values for the engineering
modulus, E., for combined matrix cracking and

detaminatic.. - The delamination interface

Tocation and percent of delamination area are

Tisted in the figure underneath the laminate
stacking segquence. As <¢an be seen, the
comparison  between model results and the

experimental results s quite good. Some Timited
resyits for Poisson's ratic are given in Fig. 11
using the same bar chart format. With the
exception of the 13;%3215 laminate, these resulls
are also quite good. Note that these results
have been obtained for a single set of input data
which do not depend on stacking sequence.

Evaluation of Ply Stresses

In order to evaluate the stress state in

gach ply, it ds first necessary to substitute
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Fig. 10. Comparison of Experimental Results and
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displacement egquations (6) through (8) into the
Tocally averaged str&in—d?splace@ent equations.
Utilizing the divergence theorem on this result
will then give the following equations for the

straing in each ply [18]:
D it}
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X X %
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The above equations may be wtilized to
obtain the ply strains, and these results may be
substituted into ‘equation (2) to obtain the
stresses in each ply [19]. Since the ply
stresses determined by this procedure prepresent
“Tocally averaged values, they st be conéédered
to be far-field stresses, $o ‘that stress
intensity factors would be needed in order to
determing matrix ¢crack-tip stresses. This point
will be discussed further 4in the section on
damage evolution laws.

A computer <Ccode has been constructed to
determing: the effect of damage on the "far-field®
ply stresses in composite laminates [19].

Predicted stresses gre shown in Figs. 12 and
13 for & typical -crossply laminate” and a
candidate guasi=isotropic Tayup with representa-

tive damage states. As evidenced from the
results, the damage significantly affeécts the
far-field ply stresses. Matrix cracks had a
significant effect on ply stresses in the 90°
plies in the c¢ross-ply laminate. The quasi-
isotropic ‘laminate -‘exhibited a small stress
reduction in the 45% plies, - but showed a
substantial ‘stress reduction (fifteen percent
verses one percent) in the 90° p?ieé.

Damage Evolution Laws

Since the ply stresses determined by this
procedure represent locally averaged values, they

Ply Orfentation (degrees)
AD:
<X
I

I
%W/W

- .
. _

6] 50 100 150 200
Ply Stress (ksi)

£ 0.01

[l initial ply stress
ply stress with matrix dracks
VA plystress with matrix eracks and delamination

Fig. 12. Far Field Stresses in a [0,/90,]s
Laminate

must be considered to be far-field stresses, so
thata ISV evolution laws are generally of tfhe
form {194

MM, MoD
Gyg = 8y Coge Toomppn s Ky Kppo Kypy)
(18)
and
D .D, MoD .
855 = 8550 To e wgs Kpo Kppo Kypg)
(19)

where KI’ KIi’ and Kypy are the stress intensity
factors, which relate the far-field stresses to
the crack 1tip siresses for a given crack
geometyy. However, - it is assumed that the
geometry or both matrix
deTaminations s sufficiently independent of
stacking ‘seguence that the stress intensity
factors may be treated as "material properties”
and thus possess the same stress intensity factor
dependence for all stacking sequences. Thusy
they are encompassd implicitly in the material
constants required to  characterize  damage
evolution Taws - (18) and {19).

cracking and

One approach to the formulation of the
variable evolutionary
. through

However, this approach s

internal state
relationships is micromechanical
considerations.
dependent on the availability of micromechanical
solutions that can model the essential physical

characteristics of the damage state. For the

Ply Orientation (degrees)

Ply Stress (ksi)

€=0.01

B initial plystress
ply stress withmatrix cracks
BB ply stress with matrix cracks and delamination

Fig. 13, far Field Ply
[07£45/80])s Laminate.

Stresses in &
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problem of matrix cracks embedded in an

orthotropic medium that is layered between two
other orthotropic media, the solutions that are
currently available are applicable only to very
damage

loading conditions and

fherefore, the evolutionary eguation

specific
geometries.
in npature.

proposed herein is phenomenological

The form of tne damage evolutionary relationship

employed in this paper is based on the
observation made by Wang, et al. [20] that for
some materials the rate of damage surface

evolution per 1load step, %%, follows a power

law in the energy release rate, G. Thus [21],
daM
Mo ij AN .
duij =5 k](x dN (20)

The term daTj/dS
state

reflects the changes to
the internat variable with respect to
changes to the damage surfaces. da?j/ds can be
obtained analytically from relationships
describing the kinematics of the crack surfaces
for given damage states and loading conditions,
should such solutions exist. For transverse
matrix cracks in crossply laminates, the average
crack face displacement in the pure opening mode
can be approximated by a solution obtained by
Lee, et al. [22] for

infinite

a medium containing an
and 90°
Thus, da?j/ds can be determined for

number of alternating 0°
plies.
crossply laminates subjected to uniaxial loading
conditions. It has been found that for typical

cont inuous fiber reinforced graphite/epoxy
systems duTJ/dS can be assumed to be constant
for a given applied load until the damage state
has reached an advanced stage of development.
This assumption has facilitated the determination
of the
material properties for AS4/3501-6 graphite/epoxy
to enable the
prediction to experimental
et al. [24]. The

material parameters for this polymeric composite

material parameters k; and n. The

are used in the calculations
comparison of model
measurements made by Chou,

system have been found to be

k, = 4.42 and n==6.39 (21)

1
The damage nistory for a typical crossply layup
The model
prediction for the damage state in the [0,/905]
loaded at stress

has been predicted using the model.

laminate fatigue a maximum

amplitude of 26 ksi is shown in Fig. 14.

Good agreement 1is found between the model

predictions and the experimental results.

To exanmine the amount of stress

redistribution that occurs during the damage
accumulation, the model was used to determine the
axial stress in the 90" plies of the [0,/903]¢
laminate fatigue loaded at three dirrerent stress
amplitudes. fig. 15 shows that for the stress
amplitude orf 38 ksi, the axial stress in the 90°
plies after forty thousand cycles was less than

fifty percent of the original stress level in the
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g
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>
[} e !
-3 T i e
£ 5.0E-004
o
o
0.08+000 Frem—r—
10 10* 10? 10 10°
Load Cycles, N
Fig. 14. Matrix crack damage in the 90° plies
of a [0,/905], AS4/3501-6 laminate
loaded at a . stress amplitude of 26
ksi.
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E RIS,
+o= 6.00E+003 J
[2] 3
e E
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o 3
- 3
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2 2.00£+003
1.00E+003 rerrrrrrrrrrrrrres TIrTrTTRTTTRTTTTYTYTYTY
20000 40000 = 60000 80000 100000
Load Cycles, N
Fig. 15. Damage induced stress redistribution
in  the 90° plies of [02/903]S

taminates subjected to constant stress
amplitude fatigue loading.
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undamaged laminate. These results demonstrate
that the stress redistribution characteristics
among the plies in the laminate are dependent on
the 1loading conditions. These redistribution
characteristics will affect the manner in which
damage develops in the surrounding plies as well

as eventual failure of the laminate.

Life Prediction

Usually, ultimate failure of Jaminated
composites 1is caused by large scale fracture
which is induced by fiber fracture at

delamination sites. Therefore, there is not only
a synergistic effect between matrix cracking and
delamination, but also between delamination and
the ultimate failure event. Since fiber fracture
occurs very near the end of the component 1life,
rather than model it with an additional internal
variable, it is preferrable to simply treat it as
the ultimate failure event and model it with a
failure Typically, one of
approaches could be taken. A phenomenological
the modification of an

existing failure function such as the Tsai-Wu

function. two

apprecach would entail

failure function to account for the existing
damage fracture
criterion could also be modified to account for
the damage induced stress redistribution. The
authors are pursuing this subject further at this
time.

state. Alternatively, a

Conclusion

The authors have shown that by constructing
of the
microcracking it is

local averages kinematic effects of
construct
which  appear

in a modified laminations theory for

possible to

continuous internal wvariables
explicitily
layered composites with damage. Comparisons of
predicted stiffness loss as a function of damage
state to experimental results lend credence to

the model.

the
dependent, it produces predicted stress

Because lamination theory 1is damage

691

redistribution as damage develops for a given
This predicteed
in turn affects the evolution of

fatigue 1load history. stress

redistribution

damage, thus producing a 1ife prediction model

which can be used for any stacking sequence

regardless of the load history applied to the

component. However, while initial model

comparisons to experiment are favorable, further

research is suggested before the model is
utilized in a design setting.
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