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Strength Scaling in Fiber Composites

Sortiris Kellas* and John Mortont
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

Factors responsible for scale effects in the tensile strength of graphite/epoxy composite laminates have been
studied. Four layups, (+ 30,/ —30,/902,)s, ( + 45,/ — 45,/0,/90,)s, (90,/0,/90,,/0,)s, and ( + 45,/ —45,/
+ 45,/ —45,);, were chosen with appropriate stacking sequences so as to highlight individual and interacting
failure modes. Four scale sizes were selected for investigation, including full-scale size, 3/4, 2/4, and 1/4, with
n equal to 4, 3, 2, and 1, respectively. The full-scale specimen size was 32 plies thick as compared to 24, 16, and
8 plies for the 3/4, 2/4, and 1/4 specimen sizes, respectively. In general, large-size specimens exhibited a lower
tensile strength. Fiber dominated layups were found to be less sensitive to scale effects compared to the matrix
dominated layups. It has been observed that the presence of transverse ply cracks, which were associated with
the ply thickness, were largely responsible for both strength and failure mode variations in different size
specimens. In some cases, such cracks were found in virgin laminates, which meant that subscale models and
full-scale laminates of the same layup were effectively dissimilar.

Nomenclature
b = thickness of = #-deg laminas
C = constant
d = semithickness of 90-deg laminas
E, = extensional modulus of the laminate
E, = extensional modulus of =+ #-deg laminas
G, = critical strain energy release rate (mode I)
G,; = transverse shear modulus of 90-deg laminas
m = constant (shape parameter)
|4 = volume
Vi = volume of the ith scaled specimen (component)
eJ¢ = transverse failure strain of 90-deg laminas
€t = strain at failure
A = scaling factor (ratio of full scale to model dimension)
ar = critical stress in full-scale structure
o' = ultimate tensile strength of ith scaled specimen
(component)
Om = critical stress in model
oy: = ultimate tensile strength

Introduction

ANY engineering structures evolve from small-scale

models, which can be manufactured and tested under
controlled laboratory conditions. Consequently, it is impor-
tant that any effects associated with scaling be identified, well
understood, and correlated to model size. Also, in the case of
advanced composites, material properties such as strength and
stiffness are obtained from small coupons tested under labora-
tory conditions. It is important to determine whether such
measurements are representative of the behavior of large-scale
components.

Because of the intricacy of their internal microstructure,
fiber reinforced composite materials belong to a special cate-
gory of materials presenting some complex and, hence, chal-
lenging scaling problems. Complications may arise from fac-
tors upon which standard similitude laws cannot be satisfied.
Such factors include fabrication, fiber diameter, fiber/matrix
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interface, ply interface, and test method. If these limitations
are disregarded, one is then left with two obvious scaling
options for laminated composite materials: 1) ply-level scal-
ing, which, superficially, appears to be the better of the two
options; and 2) sublaminate-level scaling. Ply-level scaling is
achieved when a large-scale laminate, of a given stacking
sequence, is constructed from thick layers of the same fiber
orientation, each built from a number of standard thickness
plies. On the other hand; sublaminate-level scaling is achieved
by the introduction of basic sublaminates that are stacked
together to form thicker laminates.

Previous research!-” has indicated that the strength and
stiffness of fiber reinforced composites depend on the size of
the composite laminates. It has been demonstrated that the
degree of influence depends on the type of scaling level used,
the stacking sequence, and the mode of loading. For example,
Lagace et al.’ presented results that showed that each of
the three ply-level scaled laminates (4 15,/ —15,),, (+15,/
-15,/0,)s, and 0,/ + 15,/ — 15,), exhibited a different ten-
sile strength degradation when n was increased from 1 to 5 (in
this study, the in-plane dimensions of the scaled specimens
were kept constant). The same authors have shown that the
tensile strength of otherwise similar, sublaminate-level scaled
laminates remained unchanged when n was varied from 1 to 3.
In conclusion, these authors have attributed the problem of
strength degradation to interlaminar stress effects. Cam-
poneschi,* on the other hand, has presented compression data
that indicate strength degradation in sublaminate-level scaled
laminates. Furthermore, he showed that the degree of com-
pressive strength degradation depends on the material system
as well as the laminate thickness.

As a result of the complexity of the problem, due to the
large number of variables involved (geometry, material sys-
tem, layup, stacking sequence, environment, and loading
mode), research studies, to date, have failed to establish the
exact causes of strength degradation in scaled composite lami-
nates. Consequently, various researchers have different views
on what is causing the scale effect. Some have associated the
problem with edge effects,® whereas others have attacked the
problem purely from a statistical point of view,!* or a combi-
nation of the two,® and some have considered the fracture
mechanics approach.? Batdorf,’ for example, has proposed a
size relationship for un-notched unidirectional composites
that is a slightly modified version of the Weibull theory, which
states that the size-strength relationship of brittle materials
failing in tension is given by

oy, = C— (I/m)V m
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For geometrically similar brittle materials, Eq. (1) may be
written as

/a3t = (Vo VYV @

where the shape parameter m is thought to be constant for a
given material. Thus, if m can be evaluated from two model
size specimens, the strength of geometrically similar compo-
nents can be predicted.

Atkins and Caddell® used a fracture mechanics approach to
derive a simple size-strength relationship for notched brittle
and isotropic materials. Using elementary similitude laws,
they have shown that the stress required to propagate a crack
in a full-scale structure oy and the equivalent stress in a model
structure g, is given by

oy = om VX 3)

The main objective of the present work was to study and
isolate the factors responsible for scale effects on the tensile
strength of graphite reinforced epoxy laminates, geometrically
scaled at the ply level. A single graphite reinforced epoxy
system has been studied, Magnamite AS4/3502. Four layups,
(+30,/—-30,/905,)s, (+45,/—-45,/0,/90,)s, (90,/0,/90,/
0,);,and +45,/—45,/+45, —45,),, denoted A, B, C, and D,
respectively, have been chosen with appropriate stacking se-
quences so as to highlight individual and interacting failure
modes. Note that, for convenience, the stacking sequences A,
B, and C may be written as (30,/90,,);, (£45,/0,/90,);,
and (x45,/ +45,),, respectively. Four scale sizes have been
selected for investigation, including full-scale size, 3/4, 2/4,
and 1/4, with n equal to 4, 3, 2, and 1, respectively. The
full-scale specimen size was 32 plies thick as compared to 24,
16, and 8 plies for the 3/4, 2/4, and 1/4 specimen sizes,
respectively. All three dimensions—length, width, and thick-
ness—were proportionally scaled. The nominal dimensions of
the full-scale specimens were S08 mm long, 50.8 mm wide, and
4 mm thick. The nominal gauge length for the full-scale size
was 356 mm.

. Results are presented in the form of tensile strength, stress/
strain curves, and damage development. Factors responsible
for strength degradation with increasing specimen size are
isolated and discussed. Inconsistencies associated with strain
measurements are also identified. Enhanced X-ray radiogra-
phy is employed for damage evaluation, following incremental
loading.

It is shown that, in general, the tensile strength deteriorates
with increasing specimen size. The fiber dominated layups B
and C are less sensitive to scale effects compared to the matrix
dominated layups A and D. It is observed that transverse ply
cracks, which were associated with ply thickness increases, are
largely responsible for the observed strength and failure mode
variations in different size specimens. In some cases, such
cracks are found in virgin laminates, which meant that model
and full-scale laminates of the same layup are effectively dis-
similar.

Extrapolation to the full-scale strength is attempted by
means of two basic methods: a Weibull statistics based model,
Eq. (2), and a fracture mechanics based model, Eq. (3). The
predictive performance of each one of these models is assessed
and their applicability to the scaling problem of laminated
composites is discussed.

Experimental Program
Mechanical Testing

Prior to mechanical testing, all specimens were stored in a
dry environment at room temperature. All tests were carried
out on a universal screw driven testing machine at a constant
strain rate equal to 0.028/min. The stress/strain behavior of
several specimens, per size and layup, was carefully monitored
using custom built extensometers. Four such extensometers
were designed and built to accommodate the four scaled spec-
imen sizes. The observed stress/strain behavior was then veri-

fied against data from specimens instrumented with both
strain gauges and one of the extensometers. Apart from layup
C, specimens from the other layups were instrumented with
both central and edge gauges. Only one specimen per layup
and size was tested in this way.

Damage Evaluation

Penetrant enhanced X-ray radiography was employed as a
nondestructive damage evaluation technique. Specimens were
soaked in zinc-iodide solution prior to being X-rayed. Since
the same specimen was used in a load increment/damage
evaluation procedure, it was assumed that the penetrant solu-

Table 1 Strength and strain at failure (average values from
six or more valid tests)

Ouit, Eult, Guit €ult

Size MPa % (oul)t.s (ult)r.s
Layup A: (+30,/—30,/902,)s
1/4 208.8 0.60 1.83 1.88
2/4 156.5 0.55 1.37 1.74
3/4 131.1 0.33 1.15 1.04
Full scale 114.3 0.32 1.00 1.00
Layup B: (+45,/—45,/0,/90,)s

1/4 557.0 1.20 1.39 0.82
2/4 498.9 1.18 1.24 0.81
3/4 427.3 1.47 1.06 0.97
Full scale 402.3 1.47 1.00 1.00

Layup C: (90,,/0,/90,/0n)s
1/4 884.4 1.38 1.07 1.48
2/4 872.6 1.17 1.05 1.26
3/4 865.9 1.25 1.04 1.34
Full scale 830.3 0.93 1.00 1.00
Layup D: (+45,/—45,/+45,/—45,)s
1/4 135.3 1.05 1.56 2.49
2/4 117.8 0.96 1.36 2.29
3/4 103.1 0.74 1.19 1.77
Full scale 86.6 0.42 1.00 1.00
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Fig. 1 Normalized strength and strain at failure vs specimen size.
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Table 2 Initial stiffness values (0.2, 0.5, and 0.35% strain
for A, B, C, and D, respectively)

Initial stiffness, GPa

Central Edge Lamination

Size Extensometer gauge gauge theory?
Layup A: (+30,/—30,/902,)s
1/4 35.2 37.2 37.9 46.2/44.1
2/4 35.9 36.5 38.6 46.2/44.1
3/4 35.9 35.2 33.1 46.2/44.1
Full scale 42.1 34.5 33.8 46.2/44.1
) Layup B: (+45,/ —45,/0,/90n)s
1/4 46.9 48.3 49.0 55.8/53.8
2/4 46.9 46.9 49.6 55.8/53.8
3/4 _ — _ 55.8/53.8
Full scale 44.8 44.1 48.3 55.8/53.8
Layup C: (90,/0,,/90,/0n)s
1/4 64.8 67.6 77.2/73.8
2/4 70.3 69.0 — 77.2/73.8
3/4 —_ —_ —_ 77.2/73.8
Full scale —_ —_— — 77.2/73.8
Layup D: (+45,/—45,/+45,/—45,)s

1/4 15.2 16.5 16.5 18.6/20.0
2/4 16.5 17.2 17.9 18.6/20.0
3/4 16.5 16.5 15.2 18.6/20.0
Full scale 19.3 16.5 15.2 18.6/20.0

*Two sets of material properties were used. The first set of data was supplied by
the material manufacturer and the second by Jackson.”

tion had no effect on the fracture characteristics of the epoxy.
To validate this assumption, as far as possible, tests for a
given specimen were carried out in as short a period as possible
to reduce the amount of penetrant absorbed by the matrix.
Several sequential loading increments per specimen were used,
each one followed by damage evaluation using X-ray radiog-
raphy. The load increments were determined from predeter-
mined stress/strain plots.

Results
Strength

The tensile strengths o, and strains at failure ey, can be
found in Table I, together with normalized values for strength
and strain at failure. Normalizations have been carried out
with respect to the full-scale values. The normalized results are
also plotted in Fig. 1. Strength is defined as the maximum
attained load divided by the cross-sectional area of each spec-
imen. Likewise, strain at failure is defined as the maximum
recorded displacement divided by the extensometer gauge
length. Three points should be noted in Table 1 and Fig. 1:

1) The tensile strength depends on the specimen size: the
greater the size, the smaller the strength. This is true for all
four layups. However, the degree of influence depends on the
percentage of 0-deg plies in a given layup: the more O-deg
plies, the lower the strength related scale effect.

2) So far as the strength is concerned, the scale effect

- appears to be diminished with increasing specimen size; that
is, it would appear that when a certain specimen size is reached

(not necessarily the full-scale size used here) scaling effects

tend to a limiting value. For example, see layup A, Fig. 1.

3) The strain at failure is also affected by the specimen size.
However, it appears that the strain at failure depends on the
stacking sequence rather than just the number of 0-deg plies in
a given laminate.

Stiffness

The stiffness for each specimen type was determined from
the stress/strain curves, obtained from both the extensometer
and the strain gauge readout. Apart from layup C, specimens
from all other layups exhibited a nonlinear stress/strain re-
sponse. Therefore, the reported values for stiffness, shown in
Table 2, represent the initial slope and are valid for small
strains only.

Even though the stiffness value derived from strain-gauge
data is not strictly statistically meaningful, the results listed in
Table 2 suggest that, for small strains at least, the value of the
measured stiffness is independent of the location of measure-
ment. Furthermore, it would appear from the gauge results
that all specimen sizes of a particular layup share approx-
imately the same initial stiffness value. However, the entire
stress/strain response depended on the layup, the specimen
size, and the method of measurement.® For example, speci-
mens of layup C displayed approximately the same stress/
strain response throughout the loading range. On the other
hand, specimens of layup B exhibited a stress/strain response
that was more sensitive to specimen size and the method of
strain measurement. Typical examples of stress/strain re-
sponses for 1/4- and full-scale size specimens of layup B are
shown in Fig. 2. It is shown that a sudden drop in the stiffness
of the full-scale specimen that was detected by the extensome-
ter, Fig. 2b, was not registered by the strain gauge. This
sudden drop in stiffness was later found to be associated with
the formation of delamination. In general, strain gauges were
inadequate for providing ultimate strain values since the
gauges were usually damaged (detached) prior to specimen
final failure.

An inconsistency between the extensometer and the strain-
gauge reading was recorded for layups A and D, where the
extensometers indicated a slight increase in specimen stiffness
with increasing specimen size and applied load. A typical
example of such an inconsistency is depicted in Figs. 3 for a
full-scale size specimen of layup A. In the case of the 1/4-scale
size specimen, both strain indicators recorded a similar mate-
rial response, as shown in Fig. 3a, However, in the case of the
full-scale specimen, Fig. 3b, a lower strain was detected by the
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Fig.2 Typical stress/strain responses of 1/4- and full-scale speci-
mens of layup B (4 45,/ —45,/0,/90,)s: a) 1/4-scale size specimen;
b) full-scale size specimen.
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extensometer. This behavior was thought to be a result of fiber
scissoring in the cracked surface plies, which leads to exten-
someter knife-edge slipping.

Failure Modes

For the fiber dominated layups (B and C), the modes of
final failure depended on the specimen size. In fact, contrary
to the strength behavior, the layup containing the largest
amounts of 0-deg plies was much more sensitive to failure-
mode related scale effects than laminates with less or no 0-deg
plies. For example, so far as the tensile strength is concerned,
specimens of layup C (50% O plies) showed very little depen-
dence on size. However, even though the strength in all four
sizes was comparable, the mode of final failure was com-
pletely different. The mode of failure changed from a clean
fracture in the 1/4-size specimens to a brush-like fracture in
the full-scale specimens. On the other hand, specimens of
layups A and D (no 0-deg plies) that showed large strength
related size dependency exhibited no apparent failure related
size effects.

Nondestructive Examination

Following curing and postcuring, all panels were C-scanned
for quality assessment. Results indicated a slight but consis-
tent deterioration in panel quality with panel thickness. This
was particularly true in an area close to the panel edges.

X-ray radiography (on sliced specimens) indicated that even
before the load was applied, large-scale specimens contained
substantial interply matrix cracks. This type of damage was
related to layup configurations but also the number of plies
grouped together in a given laminate.

In most cases, delamination appears to have evolved as a
result of extensive matrix damage at the free edges. Such
delamination was more pronounced and, in general, appeared
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Fig. 3 Typical stress/strain resbonse§ of 1/4- and full-scale speci-
mens of layup A (+ 30,/ —30,/902,);: a) 1/4-scale size specimen; b)
full-scale size specimen.

at a lower percentage of strength in the large-size specimens.
For example, for layup A, substantial delamination has oc-
curred in the full-scale size specimen at 103 MPa (approx-
imately 90% of the average value of strength). On the other
hand, equivalent delamination in the 2/4-scale specimens has
occurred at 152 MPa (approximately 97% of the average value
of strength). Likewise, delamination along the entire gauge
length was evident in the full- and 1/4-scale size quasi-isotro-
pic specimens when the applied stress was 207 and 414 MPa,
respectively. These stresses corresponded to 51% of the aver-
age failure stress for the full-scale size specimen as compared
to 74% of the failure stress for the 1/4-scale size specimen.

Discussion
Experimental Program

Laminate stacking sequences were chosen so as to promote
a variety of failure mechanisms including fiber fracture, de-
lamination, and matrix transverse cracking. By doing so, at
least one structurally inadequate layup had to be considered,
layup A.

The specimen minimum and maximum sizes were selected to
satisfy certain constraints. The first constraint was set by test
standards. For example, the 2/4-scale specimen size was cho-
sen to comply with existing ASTM D 3039 standards for
specimen geometry. The second constraint was set by the
capacity of the loading frame. This determined the limit for
the full-scale specimen size.

Damage
Transverse Cracks

Interply cracks, which are often referred to as transverse
matrix cracks, were present in all thick virgin specimens. Some
of these cracks pre-existed in the cured panels and some
formed during cutting and propagated transversely, along the
fiber directions, from one free edge to the other. In general,
the thicker the plies, for a given layup, the larger the density of
the observed cracks. It is believed that some cracks pre-existed
in the uncut panels since noise was emitted from thick panels
during cool down, following the manufacturer’s recom-
mended curing cycle. However, the exact density and location
of such cracks could not be verified by subsequent ultrasonic
C-scanning. The technique is not sensitive enough to distin-
guish between a collection of microvoids and a collection of
matrix microcracks. Further cracking was noted during speci-
men slicing since more noise was emitted from the thick pan-
els. Cutting induced vibration, or large free-edge stresses, or a
combination of the two, are thought to have been responsible
for triggering these extra cracks.

In addition to the triggering mechanism, there must have
existed a driving mechanism that would cause the cracks to
propagate. It is generally accepted that thick laminates, scaled
on a ply level, may suffer more from free-edge interlaminar
stresses compared to corresponding thin laminates.>¢ Such
stresses, however, cannot be solely responsible for the ob-
served cracks since delamination rather than transverse crack-
ing would be a more appropriate resulting damage mode.
Residual curing stresses could also be responsible for driving
the cracks since these stresses possess all of the right attributes
(sign and direction) to give rise to the observed damage. How-
ever, lamination theory would suggest that residual stresses
should be the same in all scaled sizes for a given layup. Thus,
if matrix cracks should develop due to curing stresses, these
should be observed in all four sizes, and not only in the
laminates with the thickest plies. If one accepts this argument
and the validity of the lamination theory, there remain at least
two possible explanations for the premature development of
transverse cracks in the thick laminates: a fracture mechanics
or a statistical distribution based approach such as those de-
scribed by Egs. (2) and (3). Both of these equations suggest
that thicker plies, in otherwise identical layups, will crack at a
lower applied, or residual, stress.

From an entirely different point of view, it is possible to
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relate the development of transverse cracks to the in situ
transverse strength of off-axis plies, which is thought to ap-
proach a minimum value (the unconstrained strength) as the
ply thickness increases.!® The subject of ply constraint has
received a lot of attention; however, most studies have dealt
with laminates in which only the transverse ply thickness was
increased.!%-14 In these cases, the ply thickness ratio »/d was a
variable, which meant that the influence of the residual stresses
on the strength of the transverse plies was also a variable. It
can be shown that, for geometrically scaled specimens where
the ratio b/d is a constant, typical expressions for the trans-
verse failure strain of the 90-deg plies, such as Eq. (4), which
has been derived by Flaggs and Kural!® from the model of
Parvizi et al.,!!

re_ [ bE/G1GE, ] @

27 | BB (bEy + dEy)

can be reduced to Eq. (3). Thus, no additional information is
gained into the driving mechanism of the transverse cracks. It
would appear that the subject of constrained cracking in geo-
metrically scaled specimens deserves more attention.

Modes of Failure

The modes of final failure in the fiber dominated layups (B
and C) depended on the specimen size, whereas the contrary
was true for the two matrix dominated layups (A and D).
These transitions in the modes of final failure can be explained
through the effect of transverse cracking on the load bearing
plies. For example, in the matrix dominated layup A, final
failure is largely controlled by the load bearing =+ 30-deg plies.
In this case, the mode of final failure was more or less uniform
in all four sizes because failure along the +30-deg directions
was the only alternative: no fibers could be broken. The effect
of transverse cracking was merely reflected in the tensile
strength. The large-size specimens, in addition to the 90-deg
ply cracks, suffered early cracking in the +30-deg directions,
which effectively reduced the tensile strength.

For the fiber dominated layups (B and C), the effect of
matrix cracks was largely reflected in the mode of final failure,
rather than in the tensile strength. For example, matrix cracks
in the 90-deg plies of layup B, of the small-size specimens,
appeared to be responsible for promoting fracture in the load
bearing 0-deg plies. In other words, transverse cracks in the
90-deg plies imposed a stress concentration on the neighboring
0-deg plies. As a result, a clean 0-deg ply fracture occurred. It
is believed that the difference in the mode of final failure,
between the small- and the large-size specimens, lies in the
decoupling rate between the 90-deg plies (source of stress
concentrations) and the O-deg plies (Ioad bearing plies). De-
lamination in the large-size specimens occurred at a much
lower percentage of strength, as compared to the smaller size
specimens. Hence, the 0-deg plies in the large-size specimens
can survive the local stress concentrations imposed by the
transverse cracks in the 90-deg plies. Furthermore, the —45-
deg plies that were already’ cracked delaminated from the
0-deg plies at a faster rate. Thus, as the applied load increased,
the chance of localized fracture in the load bearing 0-deg plies
was reduced further.

In the case of the cross-laminates (layup C), the presence of
extensive matrix cracks in the load bearing plies of the large-
size specimens effectively served as the decoupling mecha-
nism, as delamination did in the quasi-isotropic laminates.
Since the 0-deg plies of the large-size specimens were severely
split, a local fiber fracture could not have propagated trans-
versely through the whole width of the 0-deg plies as it did in
the case of the small-size specimens.

Delamination

Tensile strength reductions with increased ply thicknesses
have been attributed to edge stress effects that were thought to
be responsible for causing delamination at lower applied

loads.?® Although this may be true for certain specific layups
and sizes, the generality of such an approach is questionable.
In the present research work, it has been shown that ply
decoupling influences both the final failure mode as well as the
strength of scaled laminated composites. However, such ply
decoupling is not always associated with pure delamination, as
described by Lagace et al.? and Rodini and Eisenmann.® As
the ply thickness increases, interply transverse cracking be-
comes the primary strength controlling mechanism and delam-
ination is simply a secondary damage mode. Since ply decou-
pling depends on the specimen size, as demonstrated by the
modes of final failure, this will always be a strength con-
trolling factor in the scaling of laminated composites and has
to be taken into account in any mechanistic approach for
strength prediction. In fact, in a follow-up study,'’ angle-ply
laminates were examined from a sublaminate scaling point of
view. It was found that both the strength and the strain at
failure were increased with increasing specimen size. In this
case, first ply failure occurred in the form of interply cracks
that developed in the surface plies. The effect of these interply
cracks had a completely opposite effect, having an adverse
effect in the thinner laminates. Therefore, simple stand-alone
strength prediction models based on volume of the material,
free-edge stress distribution, or the void size are not expected to
be sufficient for general applications. The effect of damage, such
as transverse cracking and delamination, cannot be disregarded.

Strength

Failure criteria, which are presently used to determine the
strength of composite materials, are empirical in nature and
phenomenological; that is, the mode of failure cannot be
predicted. Moreover, their success in predicting the strength of
a composite depends on the accuracy of empirical parameters
such as the strength degradation factor,!¢ for example. Mech-
anistic approaches, although more effective, require more in-
put data and, often, require a powerful computer. Bearing in
mind that none of the existing theories or failure criteria,
phenomenological or otherwise, can account for size effects in
composite laminates, it is expedient that the simplest available

"techniques be considered first. In this case, a reasonable first

attempt for predicting the full-scale strength of a composite
laminate from the strength of modest sizes could involve tech-
niques that are often used in the prediction of the strength (or
a critical stress) in homogeneous, brittle, and isotropic materi-
als, such as those described by Eqs. (2) and (3).
Nevertheless, laminated composites are neither homoge-
neous nor isotropic, and moreover, ultimate failure does not
occur as a result of a self-similar crack propagation; hence, the
application of either Eq. (2) or (3) in the prediction of the
laminate strength should be viewed with caution. A reasonable
approach would be to apply these equations to determine the
onset of self-similar growing cracks such as transverse cracks,
where Eq. (4) could be replaced by Eq. (3). However, the
successful application of Eq. (2) or (3) to predict ultimate
failure and, hence, strength depends on the layup, as shown in
Fig. 4, which contains a comparison of the Wiebull model,
Eq. (2), and the fracture mechanics based model, Eq. (3). For
the purpose of direct comparison, the ratio of the predicted to
the measured strength was plotted (for each layup) vs the
specimen size. Note that the closer this ratio is to 1, the better
the agreement between theory and experiment. It appears that,
in general, the tensile strength of full-scale size specimens, as
predicted by Eq. (3), is underestimated for all four layups:
from 3%, in the case of layup A, to as much as 26%, in the
case of cross-ply layup C. Clearly, in the case of the matrix
dominated layups, this simple relationship between size and
strength [as described by Eq. (3)] appears to be valid to a
reasonable degree. The large error, for the fiber dominated
layups, is not unexpected since the self-similar crack propaga-
tion concept is completely violated. Note that, according to
the damage propagation observations, the full-scale specimens
with fiber dominated layups have retained their strength by
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Fig. 4 Strength predictions of scaled specimens using Egs. (2) and (3).

means of ply decoupling (which is effectively a crack arrest-
ment process).

In contrast to Eq. (3), Eq. (2) requires data from two model
sizes for the calculation of the empirical parameter m. The
shape parameter m was evaluated for each layup from the two
smallest sizes. Note that, for both the 1/4- and 2/4-scale sizes,
the ratio of the predicted to the measured strength is equal to
1, hence, the 1/4-scale size was omitted from Fig. 4. Since the
model of Eq. (2) involves an empirically obtained parameter,
its predictive capability appears to be much better than that of
Eq. (3).

Unlike the strength predictions of Eq. (3), the strength
predicted by Eq. (2) has been overestimated in all four layups.
In particular, the strength of the full-scale specimens of layup
D has been overestimated by as much as 18%. This overesti-
mate can be attributed to the shape parameter m, which was
evaluated from the 1/4- and 2/4-scale size specimens. For
layup D, these two sizes, unlike the 3/4- and full-scale size
specimens, were uncracked prior to testing. On the contrary,
in the case of layup A, only one of the two specimens used to
calculate the shape parameter m was cracked. Thus, the
strength of the full-scale size specimens of layup A was pre-
dicted within 2.5%. Clearly, the parameter m is a function of
the initial state of the specimens used in its determination and
a function of how the initial state of such specimens affects the
ultimate mode of failure.

Obviously, the predictive performance of Eq. (2) will de-
pend on a correct estimate for the shape parameter m, which
depends on the uniformity of the material’s internal micro- or
macrostructure as the specimen size increases. Note that the
word uniformity refers to any material changes that may have
a positive or negative effect on strength. For example, trans-
verse cracks were present in approximately equal amounts in

both layups C and D. The +45-deg cracks present in layup D
had a negative effect on the strength of that laminate. For
layup C, on the other hand, the negative effect due to the
90-deg ply cracks was offset by the simultaneous development
of 0-deg transverse cracks (which effectively led to ply decou-
pling, a positive contribution to tensile strength). Thus, as
shown in Fig. 4, the full-scale strength of layup C was pre-
dicted correctly within 3.7% as opposed to 18% difference for
layup D. The mode of final failure in the quasi-isotropic
specimens suggested that some degree of ply decoupling did
take place. However, unlike the cross-ply layup, the strength
of the quasi-isotropic laminates depended on the integrity of
the 0-deg plies as well as the integrity of the +45-deg plies
(which make up 50% of the laminate). Thus, as one would
expect, the predictive accuracy of the full-scale strength of the
quasi-isotropic layup lies halfway between that of the cross-
ply and the angle-ply layup.

Strain at Failure

The strain at failure was found to be much more sensitive to
the method of measurement as compared to strength. Further-
more, results showed that there was no simple correlation
between the strain at failure, the type of layup, and the speci-
men size. For layups A, C, and D, the failure strains tend to
increase with decreasing specimen size; however, an opposite
effect was observed in the case of layup B. It would seem
appropriate, therefore, to conclude that the sensitivity of the
strain at failure to the specimen size depends on the stacking
sequence as well as the layup and the method of measurement.

Strain-based failure criteria should have an advantage over
stress-based criteria since strains in the longitudinal and trans-
verse directions are coupled directly. Conversely, the stresses
in most failure theories are considered to be independent.!’
However, the correct application of strain-based criteria re-
quires ply strains at failure to be measured experimentally.
Results from the present study showed that such measure-
ments are sensitive to the type of method used. Therefore,
additional and sometimes substantial errors can be introduced
into such criteria.

In this study, all four chosen layups had off-axis plies on the
outer surface, which meant that strain gauges attached to
those surfaces would be incapable of measuring the maximum
strain at failure due to damage. In contrast, the extensometers
exhibited a relatively more consistent behavior, although some
slipping did occur, especially for specimens with severely
cracked surface angle plies.

Stiffness

In addition to design considerations, understanding of scale
effects becomes important when standard methods have to be
specified. The measured strains at failure and the theoretical
predictions by lamination theory are presented in Table 2.
These results suggest that for small strains the stiffness is
approximately independent of the specimen size, but depends
somewhat on the method of strain measurement.

Despite material property conflicts, lamination theory pro-
vided an acceptable agreement with experiment, with the best
match occurring in layup D and the worst in layup A. The fact
that experiment and lamination theory are approximately 25%
apart, in the case of layup A, may be attributed to the exten-
sive matrix damage associated with this layup due to ply
grouping. This particular layup had the largest number of
grouped plies compared to the other three layups.

It has been shown that, as the strain increased, the stress/
strain response became more sensitive to both the method of
measurement as well as the specimen size. For example, a
significant loss in stiffness took place in specimens of layup A
at a stress of just over 138 MPa in the 2/4-size specimens.
X-ray radiography showed that this applied stress level was
associated with the initiation of delamination. An interesting
deviation of the stress/strain curve has occurred also in the
large-size specimens of layup B. This deviation was registered
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only by the extensometers and was later associated with the
initiation of edge delamination. This is an important observa-
tion since it demonstrates the limitation of small gauge length
strain measurement sensors. In general, global effects that
may significantly alter the specimen’s elastic behavior cannot
be registered by local strain measuring devices, unless of
course the sensor (strain gauge in this case) happens to be
located in the vicinity of the damage.

Opposite to the strain gauge reading, the extensometers
registered a marginal increase in stiffness in the largest size
specimens of layups A and D, see Table 2. These two layups
contained angle plies-on the outside and no 0-deg plies. The
reason for this behavior is knife-edge slipping due to fiber
scissoring. The heavily cracked outer plies, in the full-scale
specimens, have a tendency to align themselves with the load-
ing direction as the applied load increased, hence causing
extensometer slipping. Such extensometer slipping was suc-
cessfully eliminated when the knife edges were located in V
notches cut in a layer of soft resin brushed across the specimen
width.!8

Conclusions

Damage

Damage development and the final mode of failure were
found to be size sensitive, It was observed that the degree of
size sensitivity depended on the layup. Matrix dominated
layups showed the least dependence on scale size. In contrast,
modes of final failure in the fiber dominated layups were more
sensitive to size effects. It has been shown that the premature
development of interply transverse cracks has contributed to
this observed behavior. Such damage was a function of the ply
thickness and often led to ply decoupling, which is not neces-
sarily associated with the word delamination. The rate of ply
decoupling was the most important factor in controlling the
evolution of damage and the mode of final failure and, conse-
quently, the ultimate strength of the laminate.

Strength

So far as strength is concerned, all four layups were found
to be scale-size sensitive. The degree of sensitivity was very
much dependent on the given layup. An 82.7% increase in
strength was observed in 1/4-size specimens, of the matrix
dominated layup A, as compared to the full-scale size speci-
mens. In contrast, the strength of the 1/4-size specimens of the
fiber dominated layup C was only 6.6% higher than the
strength of full-scale specimens.

Prediction of the full-scale strength has been attempted,
with limited but reasonable success, by the use of two basic
methods that are usually applicable to homogeneous, brittle,
and isotropic materials: 1) a Weibull statistics based model,
Eq. (2), and 2) a fracture mechanics based model, Eq. (3). The
full-scale strength was overestimated by Eq. (2) and underesti-
mated by Eq. (3) for all layups. The best full-scale strength
predictions were obtained from the first method, which is
thought to be the most appropriate to the strength scaling
problem.

It has been shown that the predictive performance of the
Weibull statistics based model depended on the material uni-
formity with increasing size. The more uniform a composite
material was, the better the extrapolated full-scale strength.

Strain at Failure

The strain at failure was found to be sensitive to the method
of strain measurement. Furthermore, results showed that
there was no simple correlation between the strain at failure,
the type of layup, and the specimen size. Although in most
cases (layups A, C, and D) the failure strains tend to increase
with decreasing specimen size, an opposite effect was observed
for layup B, which may have been associated with ultimate
strain measurement errors rather than material response.

Stiffness

For small strains, the stiffness values appeared to be inde-
pendent of specimen size as lamination theory would predict.
However, at large-strain values the stiffness depended on both
the specimen size as well as the method of measurement. It has
been shown that the stress/strain behavior can be correlated to
observed damage mechanisms, provided that an appropriate
method of strain measurement is used.

An apparent strain hardening that was recorded by the
extensometers was attributed to a scissoring effect of the sur-
face angle plies in the matrix dominated layups A and D.
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