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Part II

Strength Scaling of Composite Laminates Amidst Invariant 0° Ply Strength

Abstract

The effective tensile strength of the 0° plies within different cross-ply, and quasi-isotropic
laminates of varying size and stacking sequence is investigated.  For those layups having failure
confined to the gauge section, no size effect was observed in the strength of 0° plies.  In laminates
exhibiting a size-strength relationship, failures were observed to occur in the gauge section for the
smallest laminates, and at the grip for the larger laminates.  There existed, apparently, a size-
dependent laminate-grip interaction, manifested as an increasing stress concentration in the 0° plies
at the grip as the laminate size increased.

A large number of 3-point bend tests of unidirectional beams were conducted to obtain valid
parameters (Weibull modulus and strength) for a Weibull model, which would be used to predict
the ultimate strength of 0° plies within different cross-ply and quasi-isotropic laminates.  No
significant difference between the maximum stress in bending or tensile strength of valid tests was
found.  Weibull statistics-based strength theory predicted unidirectional strength loss of over 30%
for the range of volumes tested.  Strength scaling of laminates containing 0° plies was shown to
exist without concomitant scaling of unidirectional strength.  The observations made lead to
discussion on the measurement of unidirectional strength, and conclude with suggestions for
developing guidelines for design of laminates for that purpose.

 
Keywords:  strength scaling, size effect, Weibull statistics, tension testing, bend testing,
mechanical testing, composite materials, fiber reinforced materials, carbon epoxy.

1. Introduction

The issue of size-related strength scaling in structural composite materials has become a
growing concern in recent years.  Unlike metallic materials, use of advanced composites is
comparatively recent, but growing.  Their design and stress analysis are much more complex than
for metals.  But few universities have expertise with composites, and industry is very much in a
learning phase with regard to cost efficient manufacturing.  Until the strength scaling issue is
clarified, designers will be forced to specify excessively large safety factors, and will need to
conduct more of the costly, full scale structural tests than might otherwise be necessary.  Some
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recent articles have reported large strength scaling in composite laminates with 0° plies, see Kellas
and Morton (1992), Jackson, Kellas, and Morton (1992), and Jackson and Kellas (1993).  The
purpose of this investigation was to determine whether the strength of composite laminates
containing 0° plies is a function of specimen size, and if so, what conditions and/or influences
cause the strength-size effect.

Literature on the subject of size effects and strength scaling is sparse relative to other
specializations.  A compilation of some current investigations on strength size effects provides a
broad picture of the diverse topics that fit under the general topic area of size effects, Jackson
(1994).  The focus of the present work is narrowed to size effects related to tensile strength.  A
sense of the ongoing debate can be found when Edge (1994) rejects most of the cases cited by
Zweben (1994) as evidence of possible size effects.

Statistics-based models have been used to account for size effects in strength for samples of
very different size.  Batdorf (1989) discusses strength as governed by probability theory and
statistics.  He cites relevant works, should the reader be interested in pursuing those topics further.
Weibull’s statistics-based strength theory (hereafter referred to as Weibull theory) has been used
successfully with brittle materials such as glass, Weibull (1939).  In such brittle, monolithic
materials, there is a distribution of defects with distributed size, which cause the strength to vary in
a way that fits a Weibull distribution.  The Weibull theory was extended to unidirectional
composite materials because the stress-strain response often resembles that of brittle materials, and
the strength exhibited significant scatter.  However, the diameter of individual fibers is constant,
which limits the maximum size of the defects.  Regardless of the size of the composite structure,
the defect size is limited by the fiber diameter, hence this extension of Weibull theory is
questionable.  Another issue regarding use of the Weibull theory is whether the scatter in strength
of the unidirectional material in a series of bend tests (characterized by an exponent called the
Weibull modulus) can be used to predict the tensile strength variation with size.  Perhaps the
question should be:  is Weibull theory applicable at all to fibrous composites?

Bullock (1974) used Weibull theory to correlate unidirectional tensile strength with strength in
3-point flexure, and found agreement to be excellent.  Whitney and Knight (1980) found that
strength variability differed between tensile coupon data and flexure data, which was not in
accordance with Weibull theory.  They raised questions about specimen preparation and the test
methods as possible contributors to data scatter.  They found from 0% to 3% difference in strength
for two sizes of flexure specimens.  With regard to the tensile strength scaling observed by
Whitney and Knight (1980), Wisnom suggested that the variability of strength in tension tests may
arise from sensitivity to gripping and tabbing methods.  Wisnom tested unidirectional laminates of
different lengths in 3-point bending, Wisnom (1991a), and different thicknesses in 4-point
bending, Wisnom (1991b).  In both cases, variability in bending was less than expected, based on
the strength scaling observed.  He also observed that the number and frequency of failures
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initiating on the compression side at the loading nose increased as the thickness increased.  From
observation of the brush-like appearance of failed specimens, Wisnom (1992) postulated that
longitudinal splitting occurs which reduces the laminate into bundles of fibers, and developed a
model which predicted a gentler size-strength scaling effect.  Jackson, Kellas, and Morton (1992)
studied unidirectional beams (and other laminates) under eccentric compression, a loading which
produced very large bending and end displacements.  They observed a large size effect on the
strength and strain at failure.

Another use of Weibull theory scrutinized in the current work is the method for determining
the Weibull modulus.  The Weibull modulus is a parameter in the Weibull distribution which
provides a measure of the scatter in a set of data.  Weibull strength theory relates the strength of
two sizes of test specimens using the Weibull modulus, and works well for monolithic brittle
materials.   In several works, the Weibull modulus was computed from the strength data of two
sizes of test specimens, the motivation being that the number of test specimens is usually
restricted.  This approach is shown not to work.

Strength size effects have been reported for multi-directional laminates.  O’Brien (1982)
studied the delamination-prone quasi-isotropic laminate [+45n/-45n/0n/90n]s.  He was able to
predict the strength of a 16-ply (n=2) laminate, from the strength of an 8-ply (n=1) laminate.  This
result was achieved using knowledge of how laminate stiffness changed with increasing strain, and
the observation that both size of laminates had the same failure strain.  Kellas and Morton (1992),
and Jackson and Kellas (1993), examined the same stacking sequence, and tested thicknesses
corresponding to n=1 through n=4.  Both found a large strength size effect, and a large reduction in
strain to failure for the larger laminates.  They also tested [90n/0n/90n/0n]s ply-level scaled cross-ply
laminates, and found little strength scaling.  Johnson (1994) found that sublaminate-scaled cross-
ply [90/0/90/0]ns, and quasi-isotropic [+45/-45/0/90]ns laminates did not exhibit strength scaling.
An exception was noted for the 8-ply (n=1) quasi-isotropic laminate which developed a stiffness-
reducing delamination.  The present work describes a research project that addresses the strength-
size effect in composite laminates containing 0° plies loaded in tension until ultimate failure.

The current work relied heavily upon experimental data taken from the literature, in
combination with the new experimental work to improve understanding of the origins of strength
scaling of polymer matrix composite laminates containing 0° plies.  The experimental results
provide a case against the existence of a volume size effect in the tensile strength of unidirectional
carbon/epoxy composite material.  The tensile strength scaling observed by other researchers, and
duplicated here in part, was real, and originated in the nature of the test method and the laminate
stacking sequence.  Failure analysis pointed to a size-dependent laminate-grip interaction peculiar
to particular laminate stacking sequences.  Said differently, the layups which exhibited a large
strength scaling effect tended to fail in the gauge section for the smallest (thinnest) size, and at the
grip for the larger (thicker) sizes.  For the various laminates in which the tensile strength did not
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depend on size, specimens fractured within the gauge section.  Three-point bend testing of
unidirectional beams was conducted and the strength was remarkably close to that of the valid
tension tests.  There was, however, need to reject a large portion of those data because of bearing
failures, which cast doubt upon the reliability of that method for obtaining unidirectional strength.

2. Materials And Specimens

The composite material used for this study was 0.125 mm thick unidirectional carbon/epoxy
prepreg:  Hercules Magnamite AS-4/3502.  Laminates were cured at 177°C.  A variety of
laminates were fabricated, including four unidirectional laminates of [0]8n, four ply-level scaled
cross-ply laminates of [02n/902n]s, and four ply-level scaled [+45n/-45n/0n/90n]s quasi-isotropic
laminates, where n= 1,2,3, or 4.  The specimen dimensions are given in Table 1.  In this study,
two methods of building up a laminate thickness are encountered.  Blocking together of plies with
the same orientation is called ply-level scaling.  Alternatively, repeated layering of a base stacking
sequence is called sublaminate-level scaling.  The advantage of sublaminate-level scaling is that
plies of similar orientation are dispersed.  Unless stated otherwise, the specimens were scaled
geometrically, that is, length and width were also scaled according to the scale factor, n.  Tension
test results for the same AS-4/3502 carbon/epoxy with stacking sequences of [90n/0n/90n/0n]s and
[+45n/-45n/0n/90n]s (n=1,2,3, or 4) from Kellas and Morton (1992), and of [90/0/90/0]ns and [+45/-
45/0/90]ns (n=1,2,3, or 4) from Johnson (1994), were analyzed and compared with the present
results.  Specimens ends were covered with a 100 grit cloth.  This procedure was intended to
protect the fibers from damage by the grip face, and was allowed according to the applicable
ASTM standard D3039/D3039M-95a.

Three types of end tabs were applied to a second set of quasi-isotropic laminates of stacking
sequence [+45n/-45n/0n/90n]s where n=1, and 2.  The in-plane dimensions were fixed to 290 mm x
25 mm.  This battery of tensile tests were intended to reveal whether it was the nature of the end
tab, or a peculiarity of the stacking sequence, which was responsible for the severe strength-scaling
observed by Kellas and Morton (1992), and Jackson and Kellas (1993).  Table 2 shows which
tabs were used on each specimen.  The 100 grit cloth tab was compared with a 1 mm thick
aluminum tab, and a glass/epoxy tab.  Both were bonded to the specimen using an epoxy adhesive.
The composite end tabs were given a 10:1 taper using a wet grinding wheel.

Both hydraulic and hand-tightened wedge-action grips were used to introduce the tensile load
into the specimen.  The hydraulic pressure delivered to the grips was chosen using a formula
provided by MTS Corporation for their grips, and was based upon the maximum expected tensile
load and the model of grip used.  The objective was to provide enough grip clamping force to
prevent slippage, but no more.  The hand-tightened grips were also clamped just firmly enough to
avoid slippage.



J. André Lavoie Part II

53

Ninety-three unidirectional specimens were fabricated from the [0]32 laminate and tested in 3-
point bending to determine the statistical strength distribution of the AS-4/3502 composite
material.  Specimens were nominally 4.48 mm thick, 145 mm long and 11.75 mm wide.
Specimens were machined from flat panels using a high speed diamond saw with a 50/50 mix of
water and ethylene glycol coolant.  This machining operation resulted in constant width specimens
having very smooth cuts.  The gauge length for the 3-point bend test was 101.6 mm.  The 3-point
bend fixture was manufactured by Instron for use in a universal test machine running in tension
mode, a sketch appears in Figure 1.  The center loading nose (a cylindrical pin making line contact)
moved at a rate of 5 mm per minute.  A piece of 100 grit cloth placed between the pin and
specimen did not eliminate compression-side bearing failure, indeed, just over half failed in the
tension side.  All bearing failures were rejected.

3. Analysis

3.1. PREDICTION OF 0° LAMINAE STRENGTH USING WEIBULL THEORY

Use of Weibull theory to predict volume-dependent strength requires the stress distribution
throughout a reference volume of material, and a statistically significant sample of strengths for
that volume.  Then, if the stress distribution of a larger (or smaller) volume of material is known,
the strength can be predicted.  The probability that a material can survive a stress distribution
σ(x,y,z) throughout its volume, V, is given by Weibull (1939) as

Ps=exp -
σ x,y,z -σu

σ0

m

V

dxdydz
(1)

where σu is the threshold stress below which the material will never fail, and was set to zero here
(some researchers use it as an adjustable parameter).  The Weibull modulus, m, represents the
slope of the distribution on a semi-log plot.  It is also called a flaw-density exponent because it is a
measure of the scatter in the strength data.  The failure stress of maximum frequency is σ0 and it
occurs, for the Weibull distribution, at a probability of survival Ps=e-1, or ln(-ln(1-Pf))=0.

For the tensile test, the stress distribution in the 0° plies was assumed to be constant, and is
denoted as σt.  This assumption is conservative because stress risers due to edge effects, grip
region stress concentration, and cracked neighboring plies, were ignored. The volume, Vt,  for the
tensile specimens was the volume of the 0° plies inside the gauge section.  Equation 1 then takes
the form
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For the non-uniform stress distribution in the 3-point bend test, Equation 1 becomes
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where σf is the peak tensile stress at the midspan of the beam.  The volume chosen for the flexure
test, Vf, was the usual (thickness*width*length)/2.  The factor, [2(m+1)2]-1, has the effect of
transforming the volume in flexure with a gradient on stress, into an equivalent volume in tension
under uniform stress.  Given the same probabilities of failure in flexure and in tension, Equations
2 and 3 are set equal to each other and solved for the tensile failure stress, σt, in terms of the
flexure stress, σf, the Weibull modulus, m, and the ratio of volumes in flexure and tension as
follows:
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The strength data is fit to a Weibull distribution using the following probability of survival
function:

Ps=1-Pf=exp - σ
σ0

m

, (5)
or

ln -ln Ps =m lnσ-lnσ0 , (6)

where strength data are represented by σ.  The strength data must be ordered, beginning with the
lowest failure stress, and each data point assigned a probability of survival, Ps.  Equation 7 was
used to rank the strength data.  The sample size is N, and the sample number, n, starts from 1.

Ps=1- n-0.3
N+0.4 , (7)

3.2. CALCULATION OF STRESS IN THE 0° PLIES

The ultimate stress in the 0° plies at ultimate tensile failure,   σult.
0o, was computed by the

stiffness ratio method.  The ultimate tensile stress of the laminate, σult
lam

.
., the tensile modulus of the
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unidirectional plies,   E0o, and the secant modulus of the laminate at failure, Elam
sec , were needed.

The equation was

  

σ σult
o

ult
lam

lam

E

E. .
.

sec .
.

o
o

=










0

(8)

The secant modulus accounts for the stiffness loss due to damage such as matrix cracking and
delamination.  Because there is no plasticity, it was common to observe that strain returned to zero
when the specimen was unloaded, see Hahn and Tsai (1974).  In actual practice, the laminate strain
at failure was simply multiplied by the modulus of the 0° plies:

  σ εult lamE0 0o o
= . (9)

The assumption was made that the strain in the 0° plies was the same as the laminate strain, and
that this could be measured using strain gages or clip-on type extensometers.  The presence of
local effects, such as delamination or cracking in surface plies, can render the strain readings
spurious if care is not taken when selecting the type of strain measuring instrument.

3.3. CALCULATION OF MAXIMUM STRESS FOR THE THREE-POINT BEND TEST

Failure of the beam initiates on the surface of the tension side, where shear stresses drop to
zero.  The maximum stress in bending is at the surface of the beam and can be calculated from
beam theory, see Beer and Johnston (1981).  The assumption from strength of materials, that
plane sections will remain plane, will break down if the material exhibits nonlinearity in the elastic
moduli.  Composites are known to have bimodular behavior, that is, the lamina stiffness, E11,
increases slightly at high tensile loads, and decreases slightly for high compression loads.
Sensmeier (1988) reported up to 13% difference in strain at the top and bottom of a 30-ply AS-
4/3502 unidirectional beam.  A nonlinear beam analysis is needed to calculate the maximum stress
in bending, but this was not be done.  Instead, the strength of materials expression was used.

σ max = Mc
I , (10)

where M is the bending moment, c is the distance from the neutral axis to the surface, and I is the
moment of inertia.  For a beam having a rectangular cross section the moment of inertia is
I=1/12bh3, where h is the depth, and b the width.  In 3-point bending L is the distance between the
outer pair of pin supports, and P the load on the center pin. The equation for the maximum stress
in bending, σmax, (referred to as σf in Equations 3 and 4) becomes
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σ max = 3

2 2

PL

bh
. (11)

4. Results

In Section 4.1, the 3-point bend test results are described and an independent measure of the
tensile strength of the unidirectional material established.  In Section 4.2, tensile test results are
described, indicating where appropriate, the source of the data.  Results for each stacking sequence
are described sequentially.  The effect of specimen size on strength is determined, and reasons for
any differences given.  Then the flexure strength is compared with the tensile strength of the 0°
plies.  Also, size-dependent strength predictions made using the Weibull theory are compared with
the experimental data.  In Section 4.3 the effect of width, and the effect of end tab, are investigated
to better understand the source of the strong strength scaling effect in the ply-level scaled [+45n/-
45n/0n/90n]s laminate, and determine whether the strength scale effect is a material property related
with volume, a geometry effect related to width, a thickness effect, or a test method problem.

4.1. THREE-POINT BEND TESTS

Of the 93 tests conducted, 51 specimens fractured in tension.  A typical failed 3-point bend
specimen is shown in Figure 2.  Considerable delamination was in evidence, there was also
splitting.  The fracture surface was rough and fibrous, and fracture propagated through half the
thickness, catastrophically.  The remaining 42 specimens suffered bearing failure, which initiated
on the compression side just under the pin.  The bearing failure manifested itself as a brittle
fracture which propagated through just over half the thickness, followed by tensile failure of the
remaining cross-section.  These failures were also catastrophic.  The fracture surface of the brittle
fractured portion was smooth and scalloped, without delaminations.  The location on the panel
from which each specimen was machined had been recorded.  The 42 specimens exhibiting
bearing failures were concentrated nearer to the center of the panel from which they were cut,
where the thickness (and resin content) were greatest.  Specimens with bearing failure were not
used to compute either the Weibull modulus or the characteristic strength.  There is some concern
that the failures were almost equally likely to occur in tension or in bearing due to the contact stress
from the pin.

Nonlinearities in the stress-strain response in tension and compression will render the stress
calculation used in Equation 11 in error.  The load-deflection response was nearly linear, but a
slight oscillation was observed.  A typical 3-point bend load vs. midspan displacement plot
appears in Figure 3.  The probability of survival versus strength is plotted in Figure 4, along with
the fitted Weibull probability of survival function, Equation 6.  The 51 valid 3-point bend tests
yielded a Weibull modulus, m=29.3, and a characteristic strength, σ0= 1974 MPa.  The
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manufacturer reported an average tensile strength of 1846 MPa.  The work of Sensmeier (1988),
on measuring true strains on the tension and compression sides of a beam in bending might be
used in a nonlinear beam analysis to compute a more accurate characteristic strength value than
offered here.

4.2. TENSILE TEST RESULTS WITH COMPARISON TO WEIBULL PREDICTION

In all cases the specimens were tested using a grit cloth instead of end tabs, the exception
being the investigation into effect of end tab on strength.  The failed test specimens of Jackson and
Kellas (1993) were examined because of the large number of specimens available. The test
specimens from the studies of Kellas and Morton (1992), and Johnson (1994) were not generally
available for inspection, so their papers were relied upon for information about the specimen
fracture morphology.  Some definitions of the various locations for failure are described here.  The
grip region equals 0.075*L, where L is the total specimen length.  Gauge section failure was
defined as fracture having occurred greater than one specimen width from the grip.  An “at grip”
failure occurs exactly 0.075*L from the specimen end.  A failure occurring under the grip occurs a
distance less than 0.075*L from the specimen end.  After related groups of tensile tests are
described, for each size and layup, 0° ply strength versus volume of 0° plies is plotted.  The
bending strength and the Weibull prediction of the decline in strength with increasing volume is
included on the same plot.  Several tables report both laminate strength and the computed 0° ply
strength.  Also, all plots which have a Weibull prediction curve are comparing the 0° ply stresses
and not the laminate stress.  It may be helpful visually, to refer to Figures 6, 7, and 11 when
reading through sections 4.2.1, 4.2.2, and 4.2.3, respectively.

4.2.1. Tensile Tests of [0]8n and [02n/902n]s

Unidirectional [0]8n The unidirectional tensile test data of Jackson and Kellas (1993) appear in
Table 3.  The average tensile strength of the unidirectional [0]8n specimens was 1539 MPa for the
smallest (n=1) specimen, and 1322 MPa for the largest (n=4) specimen; a drop of about 14%.
Failure location for each specimen is documented in Table 4.  Fractures always ran across the
width, and were invariably either under the grip, or at the end of the grip.  The exceptions were two
of twenty-four specimens which failed within one specimen width of the grip.  Thickness
gradients across the width of the gripped region as small as 1% were indicated by a residue of grit
and adhesive stuck tenaciously to the specimen in the thickest zones.  The increased pressure might
be expected to increase the amount and/or likelihood of damage to the fibers by the particles
bonded to the grit cloth.  It was not difficult to find evidence that this had happened.  The only
marks were impressions from the grit in the resin layer at the surface of the specimen.  On some
specimens, these pinpoint marks were elongated into scratches located just under the grip, where
the grip terminates.  However, it remains uncertain that this fiber damage in the grip region was
also responsible for failure initiation.
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Cross-Ply [02n/902n]s      The cross-ply tensile test data of Jackson and Kellas (1993) appear in
Table 5.  Except for three gauge section failures of the n=1 specimens, all failures were at the grip,
as documented in Table 6.  The average stress in the 0° plies, at laminate failure, of the n=1
specimens was 1713 MPa, and dropped by about 17% to 1410 MPa in the n=4 specimen size.
The plot shown in Figure 5 shows typical stress versus strain traces for the different sizes of cross-
ply laminates.  Delamination occurs for this layup, and may account for the nonlinearities.

From the mean strength in flexure, σf=1974 MPa, and a Weibull modulus, m=29.3, the
Weibull strength prediction versus volume was plotted along with the tensile test data for
unidirectional [0]8n and cross-ply [02n/902n]s specimens, in Figure 6.  The Weibull strength
prediction was somewhat higher than the data, but the rate of strength decline with volume was
similar.  Recall, however, that the tensile testing resulted, almost without exception, in grip region
failures.

4.2.2. Tensile Tests of [90n/0n/90n/0n]s, [90/0/90/0]ns, and [+45/-45/0/90]ns

Cross-Ply [90n/0n/90n/0n]s      The ply-level scaled cross-ply tensile test data of Kellas and Morton
(1992) appear in Table 7.  Average failure stress, and strain at failure are given. There is a 2% drop
in strength from the n=1 to n=3 size, and another 4% from n=3 to n=4.  The surface 90° plies
protect the 0° plies against potential fiber damage by the grips.  It is important to note that such
protection was absent for the unidirectional and [02n/902n]s cross-ply laminates.  This protection
eliminated potential for damage due to grit particles, and in effect acted as co-cured end tabs.
Judging from the figures given by Kellas and Morton (1992), the fractures appear to have been
confined to the gauge section in the n=1, 2, and 3 size specimens.  The n=4 specimen appears to
have a brush-like failure.

The experimentally recorded strain data exhibited variability that did not correspond with the
laminate strength data, specifically, the strain data were too low.  This problem was recognized by
Kellas and Morton (1992).  The axial stiffness of cross-plied carbon-epoxy laminates is not very
sensitive to matrix cracking.  Also, since no delamination was observed in the x-rays taken of the
specimens, it is unlikely that the strain actually varied with size to the same extent as reported in
Table 7.  It matters that the strain data be reasonably accurate, because the stress in the 0° plies at
failure was computed by multiplying the laminate strain at failure by the modulus, E11, of the 0°
plies.  Specifically, the laminate strengths differed by 6% between the n=1 and n=4 sizes, but a
32% difference in strain was reported, which is translated directly into a 32% difference in the 0°
ply stress at failure.  This scrutiny was to justify adjusting the strain data.  It was assumed that the
value of 1.38% for the n=1 size was correct, and that the laminate stiffness for the other three sizes
(n=2,3, and 4) was the same.  Based upon those assumptions, the failure strain of the n=2,3, and 4
sizes could be adjusted.  Both sets of strain data, reported and adjusted, are given in Table 7.
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Cross-Ply [90/0/90/0]ns     Gauge section failures were observed for all specimens of this stacking
sequence tested by Johnson (1994).  Data appears in Table 8.  No volume related strength scaling
trend was discernible.  There was little scatter in strength for any particular size laminate, but
among the different sizes, the variability in strength created a broad band.

Quasi-Isotropic [+45/-45/0/90]ns     Specimens with varying lengths, widths, and thicknesses
were tested by Johnson (1994).  Tensile test results appear in Table 9.  From the photographs of
Johnson (1994), and after discussion with him, it was confirmed that specimens of all sizes failed
in the gauge section.  Notice from Table 9, that the strength of the 8-ply (n=1) layup was lower
than the strength of n=2,3, or 4 layups.  The lower strength of the n=1 layup was explained by
lower stiffness, due to extensive delamination, as described earlier by O’Brien (1982).  He found
that for laminate failure that was controlled by the failure strain of the 0° plies, the more compliant
(delaminated) laminate failed at a lower stress.  Similarly, Johnson (1994) found that as long as
delamination was avoided, strength scaling was avoided, for this stacking sequence. Unfortunately,
the strain data varied significantly, though the strength data did not.  It was elected not to intervene
and adjust Johnson’s reported strain data, and as a consequence, the computed values of 0° ply
strength varied significantly.  From Table 9, the computed 0° strength data decreases with
increasing volume for the first four volumes, then rises again for the next two. That variability
doesn’t follow any explainable trend, so these 0° ply strength numbers should be regarded as
coarse estimates.

In Figure 7, the Weibull prediction is plotted with the 0° ply strength data for the three
different types of laminates just described.  A slight decreasing trend in strength with increasing
volume can be discerned.  However, by considering the scatter in the data, and the fact that the 0°
ply strengths are coarse estimates, there is arguably no strength scaling in the 0° tensile strength.
These data reside within a ±150 MPa band, and a group average 0° tensile strength of 1812 MPa.
The manufacturer reported a tensile strength of 1846 MPa, and the 3-point bend strength was 1974
MPa, higher by 2% and 9%, respectively.  The Weibull theory predicted a strength of about 1350
MPa for the largest volume of 0° material (about 98,000 mm3); a decrease of 32%.

4.2.3. Tensile Tests of [+45n/-45n/0n/90n]s

Kellas and Morton (1992), and Jackson and Kellas (1993) tested layups having n=1,2,3 and
4, and their data is repeated in Tables 10 and 11, respectively.  The specimens from Jackson’s
study were available for post-test failure analysis, and the location of failure for each specimen is
given in Table 12.  For each size, midplane delamination over 90% of the width was the  dominant
damage form before ultimate failure, see Figure 8.  All failures occurred in the gauge section for
the 8-ply (n=1) specimens.  The fracture end of the 8-ply specimen appeared compact, and tightly
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constrained; but the largest size had a shattered appearance that was mainly due to splitting of the
0° plies and then debonding from the 45° plies, see a comparison in Figure 9.

The peak stress developed in the 0° plies of the 8-ply n=1 size laminates was roughly 1973
MPa (average of corresponding values from Table 10 and 11), while the characteristic strength in
3-point bending, σ0, was 1974 MPa.

There was a tendency for failures to occur near the grip and at the grip for the 16-ply (n=2)
specimens, and peak stress in the 0° plies at laminate failure dropped to about 1755 MPa.  With
few exceptions, the 24-ply (n=3) and 32-ply (n=4) specimens failed less than the width of the
specimen from the grip, with many failures at the grip, see Figure 10.  The 0° ply peak stresses
were averaged to 1440 MPa and 1300 MPa, for the n=3, and n=4 sizes, respectively.  From the
n=1 to the n=4 size, both strength and failure strain dropped by 40%.

The failure stress of the 0° plies, at laminate failure, were plotted, along with the 3-point bend
strength, in Figure 11.  The solid line, originating from the triangular symbol, is the Weibull
prediction made based on the bend test data.  The rate at which the strength was predicted to
decline with increasing volume was controlled by the Weibull modulus, m.  From the bend tests,
m was found to be 29.3.  However, the strength data in Figure 11 indicate a much sharper decline
in strength with increasing volume.  The line running through these data is a curve fit, as discussed
next.

The Weibull modulus for the 0° tensile strength was also computed from the data for two
sizes of specimens, instead of using a statistically significant data set as was done for the 3-point
bend tests.  From Equation 2 the expression to use would be:  (V1/V2) = (σ2/σ1)

m.  For illustration,
the volumes and corresponding strengths for the n=1 and n=4 sizes in Table 11 are used.  For n=1,
Vn=1=383 mm3, and σn=1=1992 MPa; and for n=4, Vn=4=24500 mm3, and σn=4=1185 MPa.  The
Weibull modulus computed is 8, implying much higher scatter than was observed in either the
tensile or 3-point bend tests.  The backing out of the Weibull modulus from strength tests of
different size specimens is clearly invalid.

4.3. WIDTH AND END TAB EFFECTS ON STRENGTH OF [+45n/-45n/0n/90n]s

LAMINATES

 4.3.1. Effect of Specimen Width on Strength

The tensile strength data of the [+45n/-45n/0n/90n]s quasi-isotropic layup for various widths,
and thicknesses (values for n) are given in Table 13, and plotted in Figure 12.  The purpose of
these tests was to establish clearly that thickness was the dimension responsible for the strength
scaling, and to eliminate volume as a strength scaling parameter.  Initially, tests of this layup were
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conducted for n=1, 2, 3, and 4, by Kellas and Morton (1992), and repeated by Jackson and Kellas
(1993).  Their specimens were geometrically scaled, see Table 1 for dimensions.  Surplus 50 mm
wide n=4 size specimens, from Jackson and Kellas’ study, were machined into 12.5 and 25 mm
widths.  A new, n=1 size laminate was fabricated and specimens cut to 25 x 290 mm.  Tensile
tests were then conducted on specimens having uniform in-plane dimensions of 25 x 290 mm,
with n=1, 2, and 4.  There were four repeated tests for each condition.  Strength was found to vary
with n in much the same way for these fixed-width specimens as they did for the laminates scaled
in three dimensions, see Table 13.  For the case of fixed n (n=4) and widths varying as 12.5, 25,
and 50 mm, no significant effect of width on strength was noted.  Failure of the n=2 and n=4
specimens were grip region dominated, despite the protection afforded to the 0° plies by the ±45°
plies.

4.3.2. Effect of End Tab on Strength

The strength of the [+45n/-45n/0n/90n]s quasi-isotropic layup has been shown to drop
considerably for thicknesses having n >1.  The failure analysis pointed to a transition from gauge
section failures for n=1 specimens, toward grip failures for n>1.  It was thought that
experimenting with different end tabs might reduce the grip region stress concentration that
apparently caused failure to predominate in the grip region.  In this way, the strength scaling might
be eliminated.  Aluminum and glass/epoxy composite end tabs were used, in addition to the grit
cloth tabs.  Table 2 gives details about the material and dimensions of the end tabs.  The two
laminates tested were 8-ply (n=1) and 16-ply (n=2).  Only two tests for each type of specimen and
end tab were conducted.  Strength data appear in Table 14.

Note that the aluminum tab protruded by about 10 mm from under the grip, and debonded
from the specimen at high load.  Also, it was impossible to apply grip pressure to the tapered
portion of the composite tab.  In each case the tapered portion of the composite tab delaminated
from the specimen up to the point where grip pressure was applied.  Failure for the specimens
with grit cloth or aluminum tabs occurred less than one specimen width from the grip.  The
strength was not notably different between specimens having aluminum tabs or the grit cloth tab.
However, the strength of the specimens having the composite tab was substantially lower.  The
location of failure was not simply near to the grip but was at the grip, where the clamping action
ended.  The strength of n=1 and n=2 composite-tabbed specimens was 17% and 35%,
respectively, below those having aluminum or grit cloth tabs.
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5. Discussion

5.1. GRIP FAILURES IN THE [0]8n AND [02n/902n]s SPECIMENS

The majority of failure locations were at the grip for the unidirectional and cross-ply [02n/902n]s

layups.  These layups had 0° surface plies, and were gripped with a grit cloth between the
specimen and grip face.  O’Brien and Salpekar (1993) used a finite element model to estimate the
stress concentration in the grip region.  The boundary condition they used to simulate the grip was
fixed displacement of the butt end of the specimen (which is not the same as fixing the
displacement of the gripped face, and applying a compressive gripping force).  They found a stress
concentration about 17% above the far-field stress.  Given their results, it would be surprising if
these layups did not fail very close to the grip. However, failure at the grip, almost without
exception, suggests that damage to surface fibers by the particles in the grit cloth should not be
ruled out.  It is recommended that grit cloth not be used in place of end tabs when 0° plies are
present at the surface.  Regardless of how widely this recommendation is already known, a reading
of the latest ASTM standard (D3039/D3039M-95a) could be interpreted as permitting the use of
grit paper/cloth in place of end tabs when testing undirectional composite.

5.2. STRESS CONCENTRATION DUE TO 90° MATRIX CRACKS

Cracks in the 90° plies act to raise the stress in adjacent 0° plies, and have been shown by
Jamison, Schulte, Reifnsider, and Stinchcomb (1984), to cause fiber fracture early in the fatigue
life.  They also found that the number of broken fibers did not increase because of the development
of local delamination at the 0°/90° interface in the vicinity of the crack.  At loads close to failure in
the quasi-static tension test, the same local delaminations appeared.  This may explain why there
was no detectable effect on 0° ply strength from stress concentration induced by matrix cracks in
adjacent 90° plies.  The assertion was based upon comparison of the laminate strengths of the ply-
level scaled [90n/0n/90n/0n]s layup (Table 7) with the sublaminate scaled [90/0/90/0]ns layup (Table
8).  The former has increasing 90° ply block thickness, while in the latter there is no change with
size.  It was sometimes difficult to make comparisons between data sets, even when the stacking
sequence, material and test method was the same.  The strength of the 8-ply (n=1) laminate of
Kellas and Morton (1992) was about 70 MPa below that of the same laminate tested by Johnson
(1994).  If one data set was adjusted by 70 MPa,  then the percent difference in strength between
similar size laminates was not significantly different.  A sample calculation for the n=3 size gave:
[(865.8 + 70) - 908]/908 = 3%.  Thus, for n=1,2,3, and 4 the percent difference was 0%, -1%,
+3%, and -7%.  The last being -7% was a significant difference, and was in the correct direction to
argue that thicker blocks of cracked plies next to the 0° plies could be having a measurable effect.
However, the figures of representative failed specimens from Kellas and Morton (1992) suggest a
tendency for grip region failures for the n=4 size (no explicit data was given on failure location).
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5.3. ADJUSTMENTS MADE TO STRAIN DATA

Kellas and Morton (1992) noted considerable difficulty in recording correct strain near failure.
This was apparent for the cross-ply [90n/0n/90n/0n]s and quasi-isotropic layup [+45n/-45n/0n/90n]s of
Kellas and Morton (1992), and the quasi-isotropic layup [+45/-45/0/90]ns of Johnson (1994).  The
strain variability was not reflected in the strength data, nor in the damage developed by each layup,
up to and including failure.  Consequently, use of the reported strain data results in excessive
variation in computed stress in the 0° plies.  The strain data were adjusted in Table 7 and 10.  The
problem of strain measurement was most severe for the [+45n/-45n/0n/90n]s quasi-isotropic layup
because delamination disturbed the clip-on extensometers that were used.  Jackson and Kellas
(1993) had used strain gages, placed at the midline of the specimen, where delamination never
reached, so the recorded strain was more accurate.

5.4. STIFFNESS CHANGE, FAILURE STRAIN AND  LAMINATE STRENGTH

O’Brien (1982) argued that because the failure strain for the two sizes of [+45n/-45n/0n/90n]s

quasi-isotropic laminates that he tested was the same, then the difference in strength between the 8-
ply (n=1) and 16-ply (n=2) laminates was due entirely to differences in the extent of delamination.
Delamination significantly affected the laminate stiffness, and hence the load carried by each at the
common failure strain of 1%.  At the ultimate strain of the T300/5208 material, the 16-ply (n=2)
layup had delaminated more than the 8-ply (n=1) layup.  For AS-4/3502, the failure strain is
around 1.45%.  At this higher strain, the extent of delamination of the 8-ply (n=1) layup had
reached that of the thicker (n=2,3, and 4) layups, and the secant modulus becomes the same for
each, see Figure 13.  This plot of representative quasi-isotropic stress-strain traces shows that
while the thicker specimens lose stiffness at lower applied strain than the thinner specimens, and
they also failed at a lower strain.  The 8-ply (n=1) specimen, while stiffer than the thicker
specimens for much of the test, eventually sustains the same damage (namely extensive
delamination) and before failure, has the same secant modulus.  The similar delamination of each
size just before failure is apparent from Figure 8.  The origin for the strength scaling was in the
grip.

5.5. ERROR IN EXTENDING WEIBULL THEORY TO UNIDIRECTIONAL
COMPOSITES

The only data set which followed the Weibull strength versus volume curve were the tensile
tests of the unidirectional [0]8n and the cross-ply [02n/902n]s layups, the majority of which were
invalid tests due to grip failures.  For the [90/0/90/0]s cross-ply laminate all failures were in the
gauge section, where the stress distribution was most uniform, and away from the grips where it
certainly is not.  Use of Weibull theory to predict strength of the 0° plies in this case should be
acceptable.  Recall Equation 4 for predicting tensile strength, σf, from strength in 3-point flexure,
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σf, and insert the various terms:  average flexure strength, σf = 1911 MPa, Weibull modulus, m =
29.3, volume in flexure, Vf = 168.4 mm3, volume in tension, Vt = 630 mm3.  The predicted tensile
strength of 1321 MPa is 31% below the flexure strength.  The actual tensile strength was 1901
MPa, which is 1% less than the flexure strength.  Carbon fiber production and handling, during the
period in which Bullock (1974) studied size effects on strength, was much more variable than
today, which may explain why such low Weibull modulus numbers were reported.  Chatterjee,
Adams, and Oplinger’s (1993) report on tensile test methods makes at least one point clear,
obtaining gauge section failures in unidirectional composite is very difficult.

The results of this study establish that Weibull theory is not valid for use with unidirectional
composites at the macroscopic level, at which many thousands of fibers are working together, at
least not with carbon/epoxy of the level of uniformity and quality available today.  No remarks are
made here about its applicability at the microscopic level, at which single fibers or small bundles of
fibers are considered.

5.6. EXPLANATION FOR GRIP FAILURES IN UNIDIRECTIONAL COMPOSITES

There are a number of theoretically sound analyses which support the argument that
unidirectional, organic matrix composites should fail at the grip, and split, exhibiting a brush-like
failure morphology.  First, grip region stress analyses show that there is a stress concentration at
the grip of approximately 1.15, O’Brien (1993).  The Weibull modulus of m= 29.3 makes it very
unlikely that failure can initiate anywhere else.  Second, unidirectional laminae of carbon/epoxy
will split, rather than continue fracturing across the fibers, as observed by Stinchcomb, Reifnsider,
Yeung, and Masters (1981).  When the same unidirectional plies were sandwiched between
constraining plies oriented at either 90° or ±45°, there was much less splitting, and shorter splits.
The understanding of the mechanics of constraint has progressed considerably since then, see
references of Part I, and it can be argued that increasing the thickness of the unidirectional ply
block affords less constraint against splitting.  In particular, the [+45n/-45n/0n/90n]s layup was
shown to have a very different failure morphology as n was increased from 1 to 4.  For n=1 the
constraint was sufficient to confine failure to a localized zone, while the n=4 size coupon was
severely split, see Figure 9.  

5.7. FUTURE WORK:  IMPROVED UNIDIRECTIONAL STRENGTH TEST METHODS

As is well known, obtaining true unidirectional strength for stiff carbon fiber composite
material is very difficult, as reported in the many works compiled by Chatterjee, Adams, and
Oplinger (1993).  Unidirectional strength testing could be made more accurate, repeatable, and
straightforward.  The variety of laminates and corresponding tensile strength data examined within
this report show varying propensity toward failure in the gauge section, or in the grip region.  This
fact can be used to advantage:  stacking sequences exist which consistently induce gauge section
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failures.  A systematic program of study to design an optimized laminate for obtaining correct
unidirectional strength of high performance carbon/polymer composite should be initiated.

The optimized laminate would be designed so that tensile load could be introduced using
standard grips, without intolerable stress concentration.  Obviously the optimum design would
protect the 0° plies from damage by the clamping pressure and serrations in the grips.  The
requirements for end tabs would be eliminated, along with the extra steps in preparation.  The
laminate itself would be its own continuous co-cured end tab without any possibility of debonding,
or stress concentration, because there is no chamfer.  To enhance accuracy of strain measurement,
the stacking sequence should suppress delamination.  A parallel analytical study to develop
stacking sequence design tools based on only measurable lamina elastic properties should also be
carried forward.

6. Conclusions

1) The tensile strength of the 0° fiber-dominated laminates, [0]8n and [02n/902n]s, which had
unidirectional plies on the surface, and which were gripped using a grit cloth, tended to fail at the
grip.  The test results were therefore unacceptable.  Use of grit cloth instead of end tabs in those
cases should be discouraged.  Strength scaling in those laminates should be regarded as originating
with the test procedure.

2) The tensile strength of [+45n/-45n/0n/90n]s quasi-isotropic laminates was shown to decrease
with increasing thickness, or n, and did not depend upon specimen width or volume.  Failure was
located at the grip for the layups having n>1, therefore, test results for those laminates were
unacceptable.  Strength scaling for this laminate stacking sequence originated with the grips.  The
strength scale effect should be regarded as a problem for this stacking sequence, even when
gripped according to standard testing procedures.

3) When tensile tests of composite laminates containing unidirectional plies fractured consistently
in the gauge section, then the 0° ply stress at the instant of laminate failure was the same as the
strength of the unidirectional beam tested in 3-point bending.

4) The strength of unidirectional AS-4/3502 carbon/epoxy composite did not have a strength
versus volume dependency of a magnitude sufficient to be distinguishable from the data scatter.  A
strength scaling effect in connection to length was not ruled out, only in connection to volume.

5) The Weibull theory predicted a strength-volume dependency in unidirectional carbon/epoxy
that did not exist in tensile tests of composite laminates having gauge section failures.  Weibull
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theory, successfully used to predict strength scaling in brittle materials like glass, should not be
used to predict strength scaling of unidirectional fibrous composites.
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Table 1.  Specimen dimensions.
scale n plies length

mm (inch)
width

mm (inch)
nominal thickness

mm (inch)
1/4 1 8 146 (5.75) 12.70 (0.500) 1.092 (0.043)
1/2 2 16 292 (11.50) 25.40 (1.000) 2.159 (0.085)
3/4 3 24 438 (17.25) 38.10 (1.500) 3.302 (0.130)
Full 4 32 584 (23.00) 50.80 (2.000) 4.394 (0.173)

Table 2.  Detail about end tabs used on the 290 mm x 25 mm quasi-isotropic
[+45n/-45n/0n/90n]s

 specimens.  Two tests per condition.
end tab details specimen

scale
material length

(mm)
layup

(if composite)
thickness

(mm)
n=1 n=2

aluminum 47 isotropic 1.0 yes yes
grit cloth 50 100 grit 0.5 yes yes

glass/epoxy 59 [0/90/+45/-45]
s

1.2 yes no
glass/epoxy 79 [02/902/+452/-452]s 2.0 no yes

Table 3.  Unidirectional [0]8n strength, and failure strain.
Data from Jackson and Kellas.

n in-plane
dimension

mm

0° volume
mm3

laminate
strength, MPa

(1 st. dev.)

failure
strain

%
1 12.7 x 108 1532 1539

(n.a.)
1.14

2 25.5 x 219 12258 1358.8
(152.5)

1.03

3 38.2 x 324 41371 1393.8
(126.4)

1.01

4 50.9 x 431 98064 1322.3
(109.0)

0.95
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Table 4. Unidirectional [0]8n, strength, failure strain, and location of failure.
n dimensions

mm
load
kN

strength
MPa

location of failure
and comments

1 108 x 12.7 x 1.1 22.29 -- slipped, no failure
" " -- -- slipped and split, no failure
" " -- -- slipped and split, no failure
" " 19.51 1381 failed at the grip
" " -- -- slipped and split, no failure
" " 23.98 1697 failed at the grip
2 219 x 25.5 x 2.2 88.62 1582 failed inside the grip
" " 78.81 1407 failed at the grip
" " 74.08 1323 "
" " 73.81 1318 slipped and split 4.5 mm from edge
" " -- -- slipped and split, no failure
" " 65.20 1164 failed inside the grip
3 324 x 38.2 x 3.4 203.0 1555 failed 25 mm from grip
" " 161.2 1235 failed at the grip
" " 192.6 1475 "
" " 190.2 1457 "
" " 180.3 1381 "
" " 164.5 1260 "
4 431 x 50.9 x 4.5 327.8 1448 failed at the grip
" " -- -- failed at the grip, very splintered
" " 286.4 1265 failed 40 mm from grip
" " -- -- partly failed inside the grip
" " 283.8 1254 slipped and failed at the grip
" " -- -- partly failed inside the grip

Table 5.  Cross-ply [02n/902n]s strength, failure strain, and 0° stress.
Data from Jackson and Kellas.

n in-plane
dimension

mm

0° volume
mm3

laminate
strength,

MPa
(1 st. dev.)

failure
strain

%

0° stress,
MPa

(1 st. dev.)

1 12.7 x 108 766 843.2
(109.0)

1.24 1712.7
(191.4)

2 25.5 x 219 6129 814.5
(59.7)

1.11 1527.6
(93.6)

3 38.2 x 324 20690 796.6
(41.4)

1.08 1492.8
(79.7)

4 50.9 x 431 49000 764.7
(22.6)

1.02 1409.5
(31.5)



J. André Lavoie Part II

70

Table 6.  Cross-Ply [02n/902n]s, strength, failure strain, and location of failure.
n dimensions

mm
load
kN

strength
MPa

strain
%

location of failure
and comments

1 108 x 12.7 x 1.1 13.07 924.6 1.30 failed 10 mm from grip
" " 11.47 811.6 1.16 failed 14 mm from grip
" " 11.38 805.0 1.18 failed at the grip
" " 10.69 756.7 1.14 "
" " 12.21 864.0 1.24 "
" " 11.15 707.7 1.15 "
" " 14.60 1033.0 1.53 failed in the gauge section
2 219 x 25.5 x 2.2 41.53 738.1 1.12 failed at the grip
" " 47.05 836.2 1.14 "
" " 45.82 814.4 1.12 "
" " 50.16 891.4 1.21 "
" " 46.41 824.7 1.13 "
" " 41.24 732.9 1.02 "
" " 48.60 863.8 1.02 "
3 324 x 38.2 x 3.4 102.3 824.6 1.15 failed at the grip
" " 99.4 801.4 1.07 "
" " 96.7 780.0 1.06 "
" " 98.4 793.5 1.07 "
" " 105.5 850.9 1.15 "
" " 90.4 729.2 1.00 "
4 431 x 50.9 x 4.5 168.4 763.5 1.04 failed at the grip
" " 167.7 760.4 1.03 "
" " 162.4 736.3 1.00 "
" " 176.4 799.7 1.05 "
" " 168.0 761.6 1.01 "
" " 164.0 743.3 0.99 "
" " 173.9 788.3 -- "

Table 7.  Cross-ply [90n/0n/90n/0n]s strength, failure strain, and 0° stress.
Data from Kellas and Morton.

n in-plane
dimension

mm

0° volume
mm3

laminate
strength

MPa

failure
strain

%
(reported)

failure
strain

%
(adjusted)

0° failure
stress
MPa

1 12.7 x 89 630 884.2 1.38 1.38 1901.6
2 25.4 x 178 5050 872.5 1.17 1.36 1874.1
3 38.1 x 267 17150 865.8 1.25 1.35 1860.3
4 50.8 x 356 40400 830.2 0.93 1.29 1777.6
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Table 8. Cross-ply [90/0/90/0]ns strength, failure strain, and 0° stress.
Data from Johnson.

n in-plane
dimension

mm

0° volume
mm3

laminate
strength,

MPa
(1 st. dev.)

failure
strain

%

0° failure
stress
MPa

(1 st. dev.)
1 12.5 x 125 537 956

(56.6)
1.29 1777.6

(105.2)
2 12.5 x 125 1074 1091

(21.5)
1.38 1901.6

(37.5)
3 12.5 x 125 1611 968

(15.1)
1.38 1901.6

(29.7)
1 25.0 x 250 2147 946

(1.1)
1.32 1819.0

(2.1)
2 25.0 x 250 4293 951

(55.5)
1.31 1805.2

(105.4)
3 37.5 x 375 14490 908

(57.4)
1.25 1722.5

(108.9)
4 50.0 x 500 34340 971

(81.9)
1.28 1763.8

(148.8)

Table 9. Quasi-isotropic [+45/-45/0/90]ns strength, failure strain, and 0° stress.
Data from Johnson.

n in-plane
dimension
mm x mm

0° volume
mm3

laminate
strength,

MPa
(1 st. dev.)

failure
strain

%

0° stress
MPa

(1 st. dev.)

1 12.5 x 125 537 548
(25.2)

1.40 1929.2
(77.9)

2 12.5 x 125 1074 662
(39.0)

1.27 1750.1
(103.1)

3 12.5 x 125 1611 612
(62.7)

1.24 1708.7
(175.1)

1 25.0 x 250 2147 526
(14.7)

1.18 1625.9
(45.4)

2 25.0 x 250 4293 660
(21.7)

1.32 1819.0
(61.6)

3 37.5 x 375 14490 652
(39.1)

1.40 1929.2
(113.2)

4 50.0 x 500 34340 677
(45.9)

1.28 1763.8
(121.5)
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Table 10. Quasi-isotropic [+45n/-45n/0n/90n]s
 strength, failure strain, and 0° stress.

Data from Kellas and Morton.
n 0° volume

(mm3)
laminate
strength,

MPa

failure strain
%

(reported)

failure strain
%

(adjusted*)

0° failure
stress,MPa

1 315 556.9 1.2 1.42 1953
2 2525 498.8 1.18 1.28 1760
3 8575 427.2 1.42 1.09 1499
4 20200 402.2 1.47 1.03 1416

*  Failure strain was adjusted using failure stress and strain of [+45/-45/0/90]s
laminate from Jackson and Kellas, as a reference point.

Table 11. Quasi-isotropic [+45n/-45n/0n/90n]s
 strength, failure strain, and 0° stress.

Data from Jackson and Kellas.
n 0° volume

(mm3)
laminate
strength,

MPa
(1 st. dev.)

failure strain
%

0° failure
stress,MPa
(1 st. dev.)

1 383 634.6
(26.0)

1.45 1992.2
(110.8)

2 3065 566.5
(14.9)

1.27 1750.1
(43.6)

3 10345 464.7
(28.5)

1.00 1381.9
(135.2)

4 24500 377.7
(18.8)

0.86 1185.1
(63.6)
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Table 12. Quasi-isotropic [+45n/-45n/0n/90n]s
, strength, failure strain, and location of failure.

n dimensions
mm

load
kN

strength
MPa

strain
%

location of failure
and comments

1 108 x 12.7 x 1.1 8.28 607.9 1.46 failed in the gauge section
" " 8.58 629.9 1.39 "
" " 8.24 605.0 1.34 "
" " 8.71 639.7 1.46 "
" " 9.20 675.0 1.43 "
" " 8.50 624.0 1.44 failed 16 mm from the grip
" " 9.0 660.7 1.60 failed in the gauge section
2 219 x 25.5 x 2.2 31.54 567.4 1.28 failed 22 mm from the grip
" " 31.95 574.8 1.29 failed 19 mm from the grip
" " 31.02 558.0 1.27 failed 38 mm from the grip
" " 31.61 568.7 1.28 failed at the grip
" " 31.89 573.6 1.29 failed at the grip
" " 29.92 538.2 1.28 failed 41 mm from the grip
" " 32.5 584.6 1.12 failed 6 mm from the grip
3 324 x 38.2 x 3.4 53.93 436.5 0.99 failed 28 mm from the grip
" " 57.84 468.2 1.02 failed 6 mm from the grip
" " 52.28 423.1 0.94 no data
" " 60.30 488.1 1.06 failed 6 mm from the grip
" " 62.62 506.9 1.14 failed 28 mm from the grip
" " 57.70 467.0 1.04 failed at the grip
" " 57.20 463.0 0.83 failed at the grip
4 431 x 50.9 x 4.5 77.86 344.1 0.78 failed at the grip
" " 87.36 386.1 0.89 failed at the grip
" " 82.61 365.1 0.83 failed 12 mm from the grip
" " 84.01 371.3 0.84 failed at the grip
" " 87.22 385.5 0.87 failed in the gauge section
" " 88.90 392.9 0.90 failed at the grip
" " 90.20 398.6 -- failed in the gauge section
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Table 13.  Experimental results for ultimate strength of scaled [+45n/-45n/0n/90n]s
 laminates.

Thickness and width are varied separately and compared to the 3-D scaled strengths.
Length was 292 mm, unless otherwise noted.

scale, layup strength (MPa)
n various widths (mm)

12.5 25 50

1 [+45/-45/0/90]
s

avg. = 6231,2

611.3
597.7
619.1
623.8

avg.= 613

--

2 [+452/-452/02/902]s
-- avg. = 5881 --

4 [+454/-454/04/904]s

414.6
420.1
401.5
361.0

avg. = 399.3

385.2
448.0
398.0

avg. = 410.4

avg. = 3751,3

1  Individual data are in Table 12
2  specimen length was 146 mm
3  specimen length was 584 mm

Table 14.  Effect of end tab on strength of quasi-isotropic [+45n/-45n/0n/90n]s
 specimens, of

uniform specimen dimension of 290 mm x 25 mm.
tab type strength (MPa)

n=1 n=2
grit cloth 611 617

598 615
aluminum 601 589

582 542
composite 502 458

496 368
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actual failures P

P/2 P/2

6.4 mm

Figure 1. Schematic of 3-point bend test.

Figure 2. Typical fracture profile of a 3-point bend specimen.  About 55% of failures were on the
tension side, as shown.  The remainder suffered bearing failure on the compression
side, and were excluded.
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Figure 3. Typical load vs. displacement trace for a 3-point bend test of [0]32 unidirectional AS-
4/3502 graphite/epoxy.
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Figure 4. Survivability as a function of stress for unidirectional [0]32 AS-4/3502 graphite/epoxy
tested in 3-point bending.
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Figure 5. Stress vs. strain plots of [02n/902n]s.  Only one n=1 8-ply specimen had a gauge section
failure.  Limited delamination and much matrix cracking are characteristic of each.
Failure strain, not only stress, is reduced as n increases, and is due to increasing grip
region stress concentration.  Data is from Jackson and Kellas (1993).
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Figure 6. Plot of stress at failure of     unidirectional    plies for: unidirectional [0]32 beams in 3-point
bend (triangle), and in tension for unidirectional [0]8n coupons (circles), cross-ply
[02n/902n]s coupons (squares), with Weibull prediction (solid line).  Prediction is based
on flexure strength.  Note:  tensile tests failed at the grip, except for three tests of the
smallest volume cross-ply.
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Figure 7. Plot of stress at failure of     unidirectional    plies for: unidirectional [0]32 beams in 3-point
bend (triangle), tension for cross-ply [90n/0n/90n/0n]s (circles), cross-ply [90/0/90/0]ns
(squares), quasi-isotropic [+45/-45/0/90]ns (diamond) coupons, and Weibull prediction
(line).  Note:  gauge section failures were predominant.
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(a) 8-ply (b) 16-ply (c) 24-ply

Figure 8. X-ray of delamination in ply-level scaled [+45n/-45n0n/90n]s layups loaded until failure
was imminent:  (a) n=1, 8-ply;  (b) n=2, 16-ply;  (c)  n=3, 24-ply.  Delamination in
each has progressed over about 90% of the width. The dye penetrant appears black
where it is thickest;  at the middle, where the delamination meets the crack tip, the dye
penetrant has thinned to a light gray, making it difficult to see the full extent of
delamination.
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(a) 8-ply (b) 32-ply

Figure 9. Effect of constraint by off-axis plies on 0° plies on the typical fracture profiles for two
quasi-isotropic layups.  In (a) more constraint results in intact fracture of the 8-ply
[+45/-45/0/90]s laminate.  In (b) there is less constraint in the 32-ply [+454/-454/04/904]s

laminate. The 0° plies split and delaminate from angle plies (interior shown).
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Figure 10. Grip failures for the [+453/-453/03/903]s laminate.  The black lines mark where the 
grip ends.
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Figure 11. Plot of stress at failure of     unidirectional    plies for: unidirectional [0]32 beams in 3-point
bend (triangle), in tension for quasi-isotropic [+45n/-45n/0n/90n]s coupons (circles and
squares), and Weibull prediction (line marked “m=29.3”).  The line marked “m=8” is
a curve fit and illustrates that incorrect Weibull modulus, m, is computed.
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Figure 12. Strength of the [+45n/-45n/0n/90n]s laminate for different thickness and width.
Changing width of the n=4 size had no particular affect on strength.  Varying n while
the width was fixed had a strong affect on strength.
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Figure 13. Representative stress vs. strain plots of [+45n/-45n/0n/90n]s.  Numbers indicate where
each size typically failed.  Severe delamination and matrix cracking are characteristic of
all.  Note that stiffness of each has declined to the same level before failure.


