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Abstract—An empirical relationship between the failure stress and stress intensity factor at failure

is examined for the estimation of residual strength of various types of laminates with different layup
sequence and having centre cracks. The estimated fracture strengths for these laminates under tension
are compared with existing experimental results. They are found to be in reasonably good agreement
with each other.

Keywords Residual strength; composite laminates; cracks; failure assessment diagram.

1. INTRODUCTION

The adoption of advanced composites by the aerospace industry triggered a massive
research effort. Obviously, the ability to design a structure composed of fibre
reinforced plastics must be matched by the ability to fabricate the component as
well as by the knowledge of damage, failure, and fracture behaviour in its service
time. The fracture phenomena of fibrous composite materials are complex in
nature, owing to the complexity and diversity of composite systems and lay-up
constructions. Unlike metallic materials, a composite (or a composite laminate)
containing a hole or a notch fractures in a complicated way.

The problem of whether linear elastic fracture mechanics (LEFM) established
for metal materials is applicable to fibre composites has long been investigated by
many researchers. It is noted that when the crack surface is smooth and straight and
the crack propagates with self-similarity, the fracture problem can be analysed by
LFEM; otherwise, the results of LEFM may not be correct. Because in most cases
the crack surfaces are neither smooth nor self-similar, the theories and criteria of
LEFM must be modified to be suitable for a composite structure.

In the course of developing fracture mechanics for composite materials, many
theories and models have been proposed. One of the best recognised applications
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of LEFM to composites on the macroscopic scale is that of Waddetps$ [1],

the WEK-fracture models, known as the inherent flaw models. Whitney and
Nuismer [2, 3] suggested two stress fracture criteria known as the point stress
criterion (PSC) and the average stress criterion (ASC). Both stress fracture criteria
are two-parameter models based on the unnotched strength and a characteristic
dimension which were assumed to be material constants for a given composite
material system and lay-up. Pipetsal [4, 5] and Kimet al. [6] modified the PSC

and proposed a three-parameter model with an exponential relationship between the
characteristic dimension and the notch size. These theories are concerned primarily
with the prediction of onset of fracture.

Aronsson and Backlund [7] have proposed the damage zone model (DZM) to
evaluate the residual strength of composite laminates, which requires only the basic
properties of the laminates, such as the unnotched strength, apparent fracture energy
and stiffness parameters. The evaluation of the damage zone model was based on
the finite element method which is less attractive from a practical point of view than
other closed-form criteria. Eriksson and Aronsson [8] proposed a semi-empirical
two-parameter model known as the damage zone criterion (DZC), based on the
equilibrium condition and the Dugdale stress distribution in the damage zone. This
model simulated the damage zone by a fictitious crack in the stress intense region at
the tip of the notch. The critical damage length was determined through correlation
with experimental data, which was in line with a characteristic distance. In the
previous approaches, the models were normally developed to find out the stress
state and/or corresponding damage at a given applied load.

Khatibi et al. [9] have evaluated the residual strength of composite laminates
with a sharp notch using an effective crack growth model (ECGM). Damage is
assumed to initiate when the local normal stress ahead of the notch tip reaches
the tensile strength of the unnotched laminate. The damage was modelled by
a fictitious crack with cohesive stress acting on crack surfaces and the damage
growth was simulated by extension of the fictitious crack and reduction of cohesive
stress with crack opening. The apparent fracture endiigy (as used to define
the relationship between the unnotched strength and the critical crack opening.
Based on the global equilibrium condition, an iterative technique was developed
to evaluate the applied load required to produce the damage growth. The residual
strength of notched composite laminates was defined by the applied load instability
with damage growth. The effect of damage increment on the convergence of the
residual strength was investigated. They claimed that the residual strength simulated
from their new model correlated well with existing experimental data for different
laminate configurations. It is noted from their results that there is a large variation in
G¢ values and hence taking average of these values as basic input in their analysis
will be erroneous. It is very interesting to note that the fracture stredecreases
with the apparent fracture toughnek$,x (or the apparent fracture energyc),
which indicates a relationship betwedfi.x and ot (or G¢c andof) as observed
in metallic materials [10, 11]. Since the intensity of the stress at the crack-tip,
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K, is a function of load, geometry and crack size, it is more appropriate to have
a relationship between the stress intensity factor at failérg.f) and the failure
stress §;) from the fracture data of cracked specimens. Establishment of such a
relationship will be useful for the development of failure assessment diagram and for
the determination of fracture strength of any cracked configurations. A relationship
which has been successfully applied to metallic structures containing cracks, is in
the form [11]

Kmax = Ke{l — m(ot/0y) — (L — m)(ot/oy)"}, 1)

where K max is the elatic stress intensity factor at failueg,is the fracture strength,
oy the ultimate tensile strength of the materikl, m and p are the three material
fracture parameters to be determined from the test data of cracked specimens.
The objective of the present study is to compute the fracture strength of various
types of centre-cracked composite laminates with different lay-up sequence using
the relationship given in equation (1), and to compare with the existing test results
as well as those predicted in Ref. [9] from the point stress criterion (PSC), damage
zone criterion (DZC) and the effective crack growth model (ECGM).

2. DEVELOPMENT OF AN EMPIRICAL RELATIONSHIP BETWEEN
Kmax AND Of

It is well known fact that the tensile strength;, of a specimen decreases with
increase in the size of the crack. In the absence of cracks, the fracture stegngth,
of a specimen equals the ultimate tensile strengtlof the material, and the elastic
stress intensity factor at failuré,,x becomes zero. When the fracture strength,
of a cracked specimen is less than the yield streagtbf the metallic material, then
there exists a linear relationship betwegrand Knax [10]. For small crack sizes,
whereoys < o1 < oy, the relationship betweekay andoy is expected to be non-
linear. The idea of expressingmax as a function ob; /oy in equation (1), is mainly
for estimation of failure strength of a cracked body, whether the crack existing in itis
through-the-thickness or part-through thickness, small or large in size, from a single
expression. In the absence of cracks;~> o, and Kmax — 0. In order to account
this limiting condition,the expression fdtmax given by equation (1) in terms of
ot/oy, IS more appropriate. The exponential form of the third term in equation (1)
is preferred to represent the non-linear variationk@gf,x with of, whenos > oys.
In order to determine the three fracture paramet&s  and p) in equation (1),
tensile strength values from three different cracked configurations are required. The
accuracy in the generation of the failure assessment diagram from equation (1) will
improve, if the strength value of a cracked specimen is above the yield strepgth,
material and the other two strength values of cracked specimens aredyglow

In composite materials, two different regimes may be identified. When defects
are small, general damage such as yielding in metals occurs as dispersed small
cracks in the matrix, fibre breakages, or interface debonding; but when a defect is
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Figure 1. Centre-through crack specimen under tension.

large, it may grow as a single crack, leading to final fracture with little damage or
deformation in the material remote from the crack tip. Generally, there is no clear-
cut boundary dividing the two regimes. For many kinds of materials, in the earlier
stage of fracture, it falls in the general damage fracture regime, while in the later
stages larger damage areas (or cracks) will grow faster than others; eventually, the
largest crack leads to final fracture.

The procedure for evaluating the three paramek&rsm and p in equation (1)
is described here by considering the test data of centre crack tension specimens
for [0/445/90],s carbon fibre/epoxy (T300/N5208) which is designated as type C
laminate [9].

The stress intensity equation for a centre-through crack specimen under tension
(see Fig. 1) is given by [12]

K = o{maseqra/w)}?, (2)

wherea is half the crack lengthy is the specimen width, andis the applied stress.
Using equation (2), the stress intensity factor at failkigy is calculated from the
experimental data, viz. fracture strength)( crack size (2) and the specimen width
(w). The results presented in Table 1, were found to fit the valuéggf ando; in
the linear relation,

Kmax = Ke{l — m(ot/0u)}, 3)
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Table 1.
Fracture data for [+45/90]»g carbon fibre/epoxy (T300/N5208) laminate designated by type C

Width Crack length Failure Stress Kmax of/ou
2a ot (MPa) (MPa/m)

(mm) (mm) Test [9] equation (2)

25.3 2.8 433.2 28.95 0.877

25.4 7.8 316.7 37.24 0.641

50.6 15.2 287 46.99 0.581

76.2 25.2 239.1 51.06 0.484

Fracture parametersKkg = 77.89 MPa/m, m = 0.7323, p = 26.97; unnotched strength:
ou = 494 MPa.

through a least—squares curve fit; the relevant valueskare: 77.89 MPa,/m and

m = 0.7323. When the applied stressn the stress intensity equation (2) is equal
to o, the value of the stress intensity factér,becomesKnax. Using equation (3),
one can set up the following equation to determénpdor a centre-through crack
specimen under tension,

o1 = ou[m + (ou/Ke){masedma/w)}¥?] . (4)

Since the material parameter, for the fracture data is 0.7323, the fracture
strength,o; corresponding to a negligibly small crack size: (2> 0) from equa-
tion (4) is found to be 14,. Figure 2 shows the fracture strengtbrsuscrack
length ¢ — 2a) curve generated from equation (4). The fracture strengithe-
creases monotonically from 692 MPa (which is higher than the ultimate strength
494 MPa of the material) to zero for the crack size increases from zero to the width

of the plate. For smaller crack sizes, equation (4) yields the strength value higher
than the ultimate strength which gives unconservative fracture strength estimation.

For conservative estimations of fracture strength to the smaller size of cracks in
structural components, Refs. [13, 14] suggest modifications in the theoretical frac-
ture strength curve by drawing a tangent line from the value of the ultimate tensile
strength §,) on the fracture strength axis to tlse — 2a curve and omitting the
portion of the theoreticads — 2a curve above the tangent line and considering the
tangent line with the remaining portion of the theoretical curve. The data generated
from the tangent line of the; — 2a curve shows non-linear variation betwekRx
and o7, whereas the remaining portion of the — 2a curve represents the linear
relation betweerKmax andos. In order to represent the variation &f,ax with of in
a single equation, the generated dat&gfyx ando; from the tangent line of; — 2a
curve is substituted in equation (1) to determine the unknown parampdtaough
a least—squares curve fit. Otherwise, the unknown parameterthe relation (1)
can be determined directly as follows.

For a wider centre-through cracked plate specimenii.is. very large) having a
smaller crack size,&2(which implies that 2/w — 0) or an infinite centre-through
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Figure 2. Fracture strengthersuscrack length curve fol0/+45/90]»s carbon/epoxy (T300/N5208)
laminate (type C).
cracked plate under tension, the stress intensity equation (2) is simplified to
K =oma. (5)

Using equations (3) and (5), one can write the equation for the fracture strength
curve as

(ot/ouw) = Kg/(Kgm + Uu\/ﬁ)- (6)

If the tangent line drawn from the point,(&,) to the fracture strength curve (i.e.
ot — 2a curve) touches at the pointdg ot,), then the equation of the tangent line is

ot = oull — {1 — (o1,/0u)}(a/ao)]. (7)
The slope of the fracture strength curve (6) at the poing,(@,) is
d(ot/0w)/d(2a) = —(01,/0u)*(0uy/Tao/AaoK). (8

Equating the values o .y for the crack size & obtained from equations (3) and
(5), one can get

Ofga/TTA0 = KF{l_m(Ufo/UU)}' (9)

Using equation (9) in equation (8), the slope of the fracture strength curve (6) at the
point (2o, o,) can be written as

d(ot/0u)/d(2a) = —(1/4ao)(ot,/0w){1 — m(oty/ou)}. (10)
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Equating the slope of the tangent line (7) with the slope of the fracture strength
curve given by equation (10) at the point of contély, ot,), one can get the value
of o1, from the following equation

m(oty/0u)? — 3(ot,/0u) +2=0. (11)
The solution of the quadratic equation (11) is
(0to/0u) = {3— (9 — 8m)'/?}/(2m). (12)

The value ofzg can be obtained directly from equations (9) and (12) as

ap = (1/7)[Kell — m (o1, /o0)}/ (01,) - (13)

For the crack sizes less thamy2the fracture strength corresponding to those cracks
are to be obtained from equation (7). If the crack siz& 2 ag, then the fracture
strengtho* and K, corresponding to this crack size become

(71:'< = (OU + Ofo)/zv (14)

K*

max

= KeK* (15)

m?

whereK) = (1/«@)(0;‘/%){1 — m(oy,/0y)}. Using the values of;* and Ky, in
equation (1), one can obtain the parametess

p = log [{1 — m(of*/au) — K:;}/(l — m)]/ log (af*/au>. (16)

It is noted from equations (12) and (14) thgt/o, ando;* /o1, are functions of
m which imply thatK’ is also a function ofz. Thus, the material constaptin
equation (16) is only a function at. The value ofn in general is greater than zero
and less than unity. Wheneveris found to be greater than unity, the parameter
has to be truncated to 1.0 by suitably modifying the param&terith the fracture
data. Ifm is found to be less than zero, the parametehas to be truncated to
zero and the average @fmax Values from the fracture data yields the parameter
Kg. The third term in equation (1) becomes insignificant wheis close to unity.
Figure 3 gives variation op with m. It can be seen that increases withn and
rises asymptotically whem tends to unity. Fof0/445/90],s carbon fibre/epoxy
(T300/N5208) laminates, the third parametgr,in equation (1) is found to be
26.97. Figure 4 shows the failure assessment diagram for the laminate (type C).

3. FRACTURE STRENGTH DETERMINATION

Using equations (1) and (2) one can set up the following equation to determine the
fracture strengtlas of a centre-through crack tensile specimen for a specified crack
size.

(1 —m)(ot/ow)? + [m + {(ou{masedma)}’?) /Kl (ot/oy) —1=0.  (17)
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Figure 4. Failure assessment diagram f@/+45/90]>5 carbon/epoxy (T300/N5208) laminate
(type C).
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The non-linear equation (17) is solved tgrusing the Newton—Raphson iterative
scheme. It can be seen from the results presented in Fig. 2 that the solutions obtained
from equation (17) for smaller crack sizes are found to be less than the ultimate
strength value (494 MPa), whereas equation (4) gives the strength values higher
than 494 MPa. However, for large crack sizes, both the equations (4) and (17) yield
the same residual strength. For different cracked configurations the corresponding
stress intensity equation should be used in equation (1) to get the required fracture
strength equation for residual strength evaluation.

4. RESULTS AND DISCUSSION

In order to examine the applicability of the three parameter fracture criterion for
the relationship between stress intensity factor at failufg.() and the fracture
strength §;) as given by equation (1), five groups of experimental data [9] for
residual strength of composite laminates having centre cracks are correlated with
present theory. Table 2 gives the fracture parameters, Kiz.m and p in
equation (1), generated from the fracture data for different composite laminates:
carbon fibre/epoxy (T 300/914C), carbon fibre/epoxy (T300/N 5208), Glass
fibre/epoxy (Scotch plyl002). Table 2 also contains the fracture parameters for
7075-T651 aluminium alloy obtained from the fracture data [15] of centre-cracked
tension plates (widthiy = 203 mm, thickness, = 8 mm, and crack sizes ranging
from 18 mm to 60 mm). Table 3 gives the fracture analysis results for the different
types of composite laminates along with test results. The relative error between

Table 2.
Fracture parameter&¢, m and p) in equation (1) for different materials

Laminate  Material Lay-up Ultimate Fracture parameters
type details stress
ou(MPa) Kg m p
(MPay/m)

A Carbon fibre/Epoxy  [45/0/90)3/ 548 44.80 0.1923 13.26
(T300/914C) (¢90/+45]g

B Carbon fibre/Epoxy [0/90]45 636 99.07 0.9212 72.14
(T300/N5208)

C Carbon fibre/Epoxy [0/+45/90]»5 494 77.89 0.7323  26.97
(T300/N5208)

D Glass fibre/Epoxy  [0/+45/90],s 320 30.98 0.6807 23.79
(Scotch Ply 1002)

E Glass fibre/Epoxy  [0/9014s 422 33.70 0.6851  24.02

(Scotch Ply 1002)

Aluminium alloy — 594 78.34 0.5412 18.65
(7075-T651)
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Table 3.
Fracture analysis for different composite laminates with a centre crack under tension

Laminate Width Crack length Failure stress Present analysis
type (mm) 2 (mm) ot (MPa) Test [9] Failure stress Relative error
ot (MPa) %
Theory equation (18)
equation (17)
A 36.2 6 355.7 388.1 -9.1
48.1 8 334.3 344.6 -31
60.2 10 350.7 312.6 10.9
36.3 10 304.7 304.1 0.2
B 25.1 2.8 471.9 471 0.2
25.1 7.8 321.2 379.2 —-181
50.5 15.2 3225 322.4 0
76 25.2 319.3 277.4 13.1
C 25.3 2.8 433.2 425.3 1.8
25.4 7.8 316.7 334.2 -55
50.6 15.2 287 279 2.8
76.2 25.2 239.1 236.8 1.0
D 25 2.9 226.2 231.2 —22
25.2 7.7 173.8 169.6 24
50.6 14.7 140.8 136.9 2.8
76 24.8 108.2 111.7 -32
E 25.2 2.6 272.6 283.1 -39
25 7.2 203.8 202 0.9
50.6 14.9 170.1 155.7 8.5
76 25.8 116.1 124 —6.8

theory and test results is defined by
relative errof%) = 100 x {1 — (Theoretical resuffTest result). (18)

Theoretical and experimental results are found to be in good experiment with each
other. Figure 5 shows the failure assessment diagram for 7075-T651 aluminium
alloy. Most of the data of Ref. [15] falls close to the failure boundary. Figure 6
shows the failure assessment diagram for glass/epoxy laminates (types D & E)
along with the test data presented in Ref. [9]. It can be seen from the results
presented in Figs 7 and 8 that, compared to the other fracture models (viz. PSC,
DZC, and ECGM), the present simple analytical model correlates well with the
experimental residual strength of composite laminates.

5. CONCLUDING REMARKS

This paper provides an empirical approach towards predicting residual strength of
materials containing a central crack subjected to tensile loading. The empirical re-
lationship betweelKax ando; through fracture toughness paramet€gsm andp



Downloaded by [Siauliu University Library] at 07:16 17 February 2013

Residual strength of composite laminates with a centre crack under tension 141

0.40 —

0.20 —

0.00

Eq.(1) Test Datal[9]

T T T I T T T 1
20 40 60 80

Kmax (MPay/m)

Figure 5. Failure assessment diagram for a 7075-T651 aluminium alloy.
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Figure 6. Failure assessment diagram for glass/epoxy laminates (types D & E).
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in equation (1) will be useful for the determination of fracture strength of any struc-
tural components containing cracks. For the determination of the fracture toughness
parameters, the test results of simple laboratory specimens like centre crack speci-
mens can be used. Since fracture toughness parameters are dependent on laminate
configuration, thickness and loading, these are to be determined from the intended
laboratory specimens of similar laminate configuration. For the determination of
fracture strength of any structural configuration, the stress intensity factor corre-
sponding to the geometry has to be used in equation (1) to set up the necessary
fracture strength equation which has to be solved using Newton—Raphson method.
If the values of applied stress and the corresponding stress intensity factor for the
crack size lie below th& o« — ot curve, the structure is safe. Thus the advantage of
developing failure assessment diagram is helpful in estimating the factor of safety.
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