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Fracture Criterion for Notched Thin Composite Laminates
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Fracture behavior of ® ber-dominated center-notched AS4/3501-6 graphite-epoxy laminates is investigated in

this study. Nine laminate con® gurations are studied to examine ¯ aw size effects, crack tip damage mechanisms,
and failure modes under uniaxial tensile loading.Results indicate that a constant value of fracture toughness KQ is

a laminate material property. A layup independent failure criterion is proposed, which relates laminate fracture
toughness to the fracture toughness K0

Q of the principal load bearing ply. K0
Q characterizes the in situ fracture

toughness of a notched 0-deg layer in the event of ® ber breakage along the plane of the notch. Once its value is
estimated from preliminary tests, this parameter can be used to predict fracture toughness, and hence residual

strength, of other ® ber-dominated laminates of the same material system. The model predictions agree well with
current experimental results, as well as with data published by other researchers. The model is further extended

to predict residual strength of laminates with inclined cracks (mixed-mode loading). It is demonstrated that the
normal projection of the crack to the applied load can be considered as the equivalent crack and governs laminate

residual strength.

Introduction

C OMPOSITE materials are extremelynotch sensitive.The pres-
ence of cracks in structural components drastically reduces

their load carrying capacity. For this reason, the issue of predicting
composite residual strength in the presenceof stress enhancerssuch
as cracks has been an important researchproblemin the composites
community.

A vast amount of experimental literature is available on the
notched strength behavior of different composite systems. Several
strength-basedand fracturemechanics-basedmodelshavebeenpro-
posed in the literature to predict the notched response of composite
laminates under uniaxial tensile loading. The popular models, e.g.,
those by Whitney and Nuismer,1 Waddoups et al.,2 Pipes et al.,3

and Karlak,4 etc., are based on a characteristic distance concept. In
these studies, the damage events are assumed to occur in a region
a0 ahead of the crack tip. The value for a0 is then chosen to ® t
the experimental data. Such models have been successfully used to
predict laminate strength in the presence of notches and holes. A
comprehensivereview of these models has been done by Awerbuch
and Madhukar.5

One limitation of such an approach is that a0 is not a material
constant and depends on factors such as notch size and laminate
orientation.5 As such, results obtained from tests on one laminate
con® guration cannot be extrapolated to predict the fracture tough-
ness of other laminates of the same material system.

In this study, an alternative approach to predicting notched
strength of a class of laminates is presented.The goal is to develop
a means to predict fracture of a class of ® ber-dominated laminates
withouthavingto resortto experimentaldeterminationof thecharac-
teristic distance for each laminate con® guration. Past experimental
investigations5±9 have revealed that ® ber breakage in the princi-
pal load bearing plies precipitateslaminate failure. Hence, studying
when and how these plies fail could lead to a means of developing
a layup independent failure criterion. Such an approach has been
adopted by Kageyama7 and Kortschot and Beaumont8 in studying
the failure of cross-ply laminates. In this paper, the concept intro-
duced by Kageyama7 is extended to other laminate con® gurations,
and a simple model is developed to determine the parameter that
governs failure of the principal load bearing plies.
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Experiments were conducted to examine the notched behavior
of different ® ber-dominated laminates. The aims of the present re-
search were the following: 1) study crack tip damage mechanisms
and failure modes in center notched composite laminates, 2) deter-
mine if fracture mechanics concepts such as critical stress intensity
factor or fracture toughness could be used to describe notched be-
havior of these composites, and 3) develop a layup independent
failure model for predicting notched composite strength.

Experimental Procedure
The material system chosen for the study was AS4/3501-6

graphiteepoxymanufacturedbyHercules,Inc.The material is avail-
able in the form of a unidirectional prepreg tape with a nominal
thickness of 0.127 mm. The unidirectional material properties are
reported in Table 1. The laminates were made using the hand layup
technique and cured in an autoclave. Nine different laminate con-
® gurations (Table 2) were chosen such that they had at least some
0-degplies, i.e., plies with ® bers alignedalong the loadingdirection.

Test specimenswere cut from 30.5 £ 30.5 cm panelson a FLOW®

waterjet system. The test con® guration was that of a center crack
oriented perpendicular to the loading direction. The specimen di-
mensionswere 25.4 £ 3.81 cm with 3.81-cm-longend tabs. To make
the cracks, a starter hole was ® rst drilled in the laminate to minimize
any delamination caused by the waterjet. The crack was then made

Table 1 Material properties of unidirectional AS4/3501-6
graphite epoxy

E1, E2, G12 , G13, G23,
GPa GPa GPa GPa GPa m 12 m 13 m 23

138 9.65 5.24 5.24 3.24 0.3 0.3 0.49

Table 2 Fracture toughness of AS4/3501-6 graphite epoxy laminates

Fracture toughness
Laminate Fracture toughness Stress ratio of 0-deg ply

con® guration KQ , MPa p m g K 0
Q , MPa p m

[0/90/§45]s 44.83 §3.05 2.58 115.66
[§45/ 90/ 0]s 40.28 §1.87 2.58 104.43
[90/ 0/ ¨ 45]s 41.25 §1.46 2.58 106.43
[0/§15]s 90.82 §4.01 1.12 101.81
[0/§30]s 60.84 §3.14 1.66 101
[0/§45]s 45.83 §2.17 2.32 106.32
[0/90]2s 58.31 §5.30 1.87 109.04
[§45/ 0/§45]s 37.48 §0.43 3.2 119.81
[§452/0/§45]s 32.42 §0.6 3.82 123.64
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by a waterjet cut and furtherextendedwith a 0.2-mm-thick jeweler’s
saw blade.

Quasistatic experiments were conducted in a servohydraulically
driven MTS machine with an Instron 8500 controllerunder position
control at a head displacement rate of 0.254 mm/min. The load and
head displacementhistorywere recordedusing LabVIEW software.

Damage Mechanisms and Failure Modes
An important objective of the experiments was to monitor dam-

age growth and failure mechanisms ahead of the crack tip. The test
specimens were examined prior to testing to ensure that no signif-
icant damage occurred during their preparation. Damage evolution
was studied by diiodobutane enhanced x-ray examination at dif-
ferent load levels. The fractured specimens were also examined to
determine the failure mode of the individual plies.

All notched laminates exhibited a linear load vs displacementre-
lationship up to failure. Such behavior is typical of ® ber-dominated
laminates.Figure1 shows typicalcracktipdamagein a [0/90/§45]s

quasi-isotropic laminate. The damage zone in such laminates is
characterized by matrix cracks in off-axis plies, axial splits (ma-
trix cracks along the ® ber direction of the 0-deg ply), and some
delamination. The matrix cracks are observed as dark lines in the
® gures. (The dark region in the centerpartof the crack is cutting tool
induceddamageand not load inducedand,hence,shouldbe ignored.
It does not appear to affect the notched strength of the laminate.)

Radiographs of [§45/0/§45]s and [§452/0/§45]s laminates
(Figs. 2 and 3) reveal similar matrix cracks in the off-axis plies
along with some delamination. Inspection of the failed specimens
revealed that the off-axis plies failed along matrix cracks extending
from the crack tip to the specimen edge, whereas the 0-deg plies
failed by ® ber breakage.

The [0/§h ]s laminates (Figs. 4±6) show matrix cracks in the off-
axis plies, delamination at the [§h ] interface, and axial splits in
the 0-deg plies. The 0-deg plies in these laminates exhibited ® ber
breakage while the other plies failed along matrix cracks.

Fig. 1 Laminate [0/90/§45]s at
99% of failure load.

Fig. 2 Laminate [§45/0/§45]s at
95% of failure load.

Fig. 3 Laminate [§452 /0/§45]s at
97% of failure load.

Fig. 4 Laminate [0/15/¡ 15]s at
92% of failure load.

Fig. 5 Laminate
[0/30/¡ 30]s at 99% of
failure load.

Fig. 6 Laminate
[0/45/¡ 45]s at 99% of
failure load.

Fig. 7 Laminate [0/90]2s at 85%
of failure load.

A study of cross-ply [0/ 90]2s laminates shows long axial splits
emerging from the notch tips of the 0-deg plies (Fig. 7). Transverse
matrix cracks are also observed in the 90-deg plies, and these grow
in densitywith the applied load.Similar damagemodes for cross-ply
laminates have been reported in the literature.7, 8 The visible dam-
age initiates at lower load levels compared to the other laminates.
Ultimate failure of these laminates is caused by ® ber failure in the
0-deg plies.
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To broadly summarize the experimental observations, when a
specimen containinga crack is subjected to increasingtensile loads,
the following sequence of events is observed.

1) At very low loads, the specimen deforms elastically with no
damage.

2) At a threshold value of load, subcracks form parallel to the
® bers of each ply at the notch tip.

3) As the load increases above the threshold value, the subcracks
extend, and some region of delamination may form between plies.

4) At some critical maximum load, the ® bers in the 0-deg plies
of the laminate fail, causing the specimen to fail.

The laminate failure processes observed in this study can be sep-
arated into two relatively distinct categories. The ® rst is general
stress relief. Damage formation ahead of the crack tip in the form
of matrix cracks relieves some portion of the high stress concen-
trated at the crack tip. Axial splits in the 0-deg plies are particularly
effective in this regard, because they help reduce the stress con-
centration ahead of the tip in these plies.8, 10 Laminates with more
extensivedamagezonesachievemore stressreliefand are, therefore,
less notch sensitive. Mandell et al.9 have reported that these matrix
cracks grow in length proportional to K 2 (stress intensity factor).
The second category is ultimate failure caused by ® ber failureof the
principal load carrying plies (0-deg plies). X-ray and fractographic
examinations reveal that these are the only plies that exhibit ® ber
failure, whereas all other off-axis plies fail along matrix cracks. Be-
cause ® ber strengthof a laminate is signi® cantly higher than matrix
strength, it is surmised that this is the parameter that governs the
notched strength of the laminate.

Determination of Laminate Fracture Toughness
Notched strength in metals is characterized by a critical stress

intensityfactoror equivalentlybya criticalstrainenergyreleaserate.
Theseare materialparametersthatuniquelycharacterizethe fracture
resistanceof metals in the presenceof cracks and are independentof
the sizeof thecrack.To studywhethera similarparameterexistedfor
notched composite laminates, the effect of crack length on critical
failure stress was investigated in the study.

Laminate fracture toughness K Q was de® ned as the value of the
linear elastic stress intensity factor at the maximum test load. (This
corresponded to catastrophic failure of the center-cracked tension
specimens.)Fracture toughnessof the laminate K Q (or critical stress
intensity factor) is calculated as

KQ = Y r f p p a (1)

where r f is the remote applied stress at failure, a is half the crack
length, and Y is the correction factor to account for the ® nite width
of the specimen, given by

Y = 1+ 0.1282(2a/ W ) ¡ 0.2881(2a/ W )2 + 1.5254(2a/ W )3 (2)

Fig. 8 Effect of varying crack length on KQ for a [90/0/45/¡ 45]s lami-
nate.

Note that this is the correction factor originally developed for
isotropic materials. However, researchers have reported5 , 11 that it
can still be used for orthotropicmaterialswith little loss of accuracy.
Also, the crack length is not adjusted by the characteristic damage
zone size.

The results for a [90/ 0/ 45/ ¡ 45]s laminate are shown in Fig. 8.
They clearly indicate that KQ is independent of crack length and
can be considered a laminate material property. Similar results are
observed for all of the other laminate con® gurations as well. The
measured K Q values for the nine laminates are presented in Table 2.

Fracture Criterion
As discussed in the preceding section, the fracture resistance for

any laminate can be characterized by a unique fracture toughness
parameter KQ . Its value, of course, depends on laminate con® gura-
tion. Most of the existing models1±4 are limited to determining the
value for K Q experimentally by adjusting the damage zone size a0.
This is a major limitation,since experimentaldata for each laminate
con® guration are required to determine its damage zone size. The
present research objective is to establish a more general parameter
that is independent of laminate con® guration.

Experimental results indicate that whereas matrix cracks provide
local stress relief, ® nal fractureof the laminate is controlledby ® ber
breakage initiating from the crack tip in the 0-deg plies. The entire
laminate fails when the 0-deg plies within it fail. Fiber breakage
of these plies, thus, can be considered the principal failure mech-
anism. This seems quite logical considering that ® ber strength for
composites is signi® cantly higher than matrix strength. Previous
researchers6 , 7 studying cross-ply laminates have also shown that
the 0-deg ply governs laminate notched strength.

It is proposed that the fracture toughnessof the 0-degply (de® ned
as K 0

Q ) is a constant at failure, i.e., the laminate fails whenever the
load in the 0-deg plies reaches the critical value K 0

Q . The existence
of such a parameter for cross-ply laminates was ® rst postulated by
Kageyama,7 who estimated its value by three-dimensional ® nite
element analysis. This value corresponds to the toughness of the
0-deg ply when there is ® ber breakage (Fig. 9). Unfortunately, this
failure mode is not exhibited by unidirectionallaminates,which fail
due to axial splitting(matrix cracksparallel to ® ber direction).Thus,
K 0

Q cannot be directly determined from experiments on notched

unidirectional laminates. The parameter K 0
Q for a unidirectional

lamina within a laminate is an in situ or effectivematerial parameter.
We can estimate the value of this parameter by simple stress

analysis using lamination theory to calculate the portion of the ap-
plied load that is carried by the 0-deg plies in the laminate. Such
an analysis is approximate, because it does not take into account
any stress redistributioncaused by local damage in the form of ma-
trix cracks, etc. The effect of any such damage is lumped in the
parameter K Q . We de® ne

r 0
f = g r f (3)

where r f is the laminate applied stress at failure, r 0
f is the remote

(far-® eld) stress in the 0-deg ply, and g is the factor relating the
two stresses (g depends on the laminate con® guration and material
elastic constants and can be calculated using classical lamination
theory).

Using Eq. (1) in Eq. (3), we obtain

r 0
f = g (K Q / Y p p a) (4)

Fig. 9 Fracture toughness K0
Q corresponding

to ® ber breakage in the 0-deg ply.
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or

Y r 0
f
p p a = g K Q (5)

We denote the left-hand side of Eq. (5) as K 0
Q . Thus,

K 0
Q = g K Q (6)

Model Veri® cation
According to the failure criterion in Eq. (6), the laminate fails

when the load carriedby its 0-degplies reaches thecriticalvalue K 0
Q .

It is a material constantand, thus, shouldbe independentof the lami-
nateorientation.To verify thishypothesis,thevalueof K 0

Q within the
differentlaminatecon® gurationsis calculatedusingEq. (6)andplot-
ted in Fig. 10 (see Table 2). The results indicate that the value of K 0

Q

is approximatelythe same in all of the laminatesand doesnot deviate
by more than 10% from the mean valueof 110 MPa-m1/ 2. Assuming
this constant value for K 0

Q , the experimental results are compared
with model predictionsusing Eq. (6) in Fig. 11. Good agreement is
observed between the experimental data and model prediction.

The same model is used to predict the experimental results of
other published researchers12 (Figs. 12 and 13). The model works
well for their data as well, though additionalexperimentaldata with
different laminate stress ratios g is probably required for a better
comparison.

Fig. 10 Value of parameter K0
Q in different laminates.

Fig. 11 Comparison of experimental results with model predictions
for AS4/3501-6 laminates.

Fig. 12 Comparison of experimental results with model predictions
for E-glass-epoxy laminates.

Fig. 13 Comparison of experimental results with model predictions
for [T300/5708] laminates.

Fig. 14 Inclined crack con® guration.

Fig. 15 Damage growth in a
[0/90/§45]s laminate with a
crack at a 45-deg angle.
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Fig. 16 Failure stress for inclined crack in [0/90/§45]s laminates.

Thus, we can use a single parameter model to characterize the
fracture behavior of these laminates. Preliminary tests are required
for a single laminate con® guration to determine K 0

Q , and once its
value is determined, the fracture toughness of other laminates can
be predicted.

As noted earlier in this section, the stress ratio g for a laminate
is calculatedusing an elastic analysis. It does not account for stress
redistributionin the crack tip region due to subcritical damage. The
present model lumps the effects of damage induced stress relax-
ation into the fracture toughness parameter K Q , and any signi® cant
redistribution due to a large damage zone would be re¯ ected in a
higher value for K Q . The fact that such a model reliablypredicts the
fracture toughness of different laminates seems to indicate that the
effect of damage induced stress relaxation is relatively small and is
inherentlyaccountedfor within the model. Of course, if a very large
damage zone exists (as is the case with cross-ply laminates with
similar plies lumped together, e.g., [02/ 902]s , [903/ 03/90]s , etc.) a
substantial redistribution takes place and the fracture toughness is
elevated. The damage zone effect needs to be explicitly analyzed
for such laminates and is a subject of our ongoing research.

Residual Strength of Laminates with Inclined Cracks
In most real-world situations, a crack is rarely oriented perpen-

dicular to the loading direction.A more general scenario is that of a
crack with an orientationarbitrary to the loadingdirection (Fig. 14).
This problemis investigatedto determinewhether the presentmodel
can predict residual strength of laminates with inclined cracks. At-
tention is restricted to the case where the loading is along the 0-deg
® berdirection(i.e., thematerialaxiscoincideswith theloadingaxis).
Center cracks were cut in the test panels at various angles (90-deg
angle corresponds to the normal crack orientation discussed in the
preceding section).

A radiographof thecracktipdamagein an inclinedcrackis shown
in Fig. 15. The crack tip damage pattern in the form of axial splitting
and matrix cracking is similar to that in a normal (b = 90 deg) crack
in the same laminate. The eventual failure mode of the laminate for
the two cases is also similar, with the off-axis plies failing along
matrix cracksand the0-degplies failingby ® ber fracture.The failure
seems to be controlled by the stress concentration in the 0-deg ply
near the crack tip. The relevant crack length parameter seems to be
projection normal to the applied load (see Fig. 12).

Test results (Figs. 16 and 17) support this hypothesis.The residual
strength of the laminates with different crack orientations b are
plotted against their respective projected crack lengths. It is clear
that results for different b values collapse onto a single curve that
corresponds to the residual strength vs crack length curve for a

Fig. 17 Failure stress vs projected crack length for [0/90]2s laminate.

normal crack (b = 90). This master curve can be predicted by the
model equation (6) discussed in the preceding sections. The failure
stress for any orientation of the center crack in the [0/90/§45]s

laminate is, thus, given by

r f =
K 0

Q / g

Y p p aeff

(7)

where

r f = applied stress at failure
K 0

Q = fracture toughness of the 0-deg ply
g = stress ratio for the laminate

aeff = effective half-crack length, a sin b
Y = ® nite width correction factor, Y (2aeff/ W )

The problem of predicting notched strength of such laminates with
inclinedcracks thus simpli® es to the problemof a normal crackwith
effective crack length equal to the projection of the crack normal to
the applied load.

Conclusions
A new failure criterion was proposed to predict the strength of

composite laminates containing cracks. This criterion is based on
the experimental observation that 0-deg plies in a laminate govern
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its strength. The fracture toughness of such 0-deg plies in the pres-
ence of ® ber breakage was introduced as the material parameter
K 0

Q , which is an in situ or effective material parameter. The param-
eter is layup independent and can be used to predict the notched
strength/fracture toughness of any laminate con® guration that con-
tains some 0-deg plies. The comparison with experimental data in-
dicates that the model providesa good estimate of laminate notched
strength for different con® gurations. The model was also extended
to predict notched strength of laminates with arbitrary crack ori-
entations. In such cases the projection of the crack normal to the
applied load can be considered as the effective crack length.
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