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Scaling Effects in the Flexural Response
and Failure of Composite Beams

Karen E. Jackson*
NASA Langley Research Center, Hampton, Virginia 23665

An experimental program was conducted in which scale model graphite-epoxy composite beams were loaded
in bending until failure to investigate the effects of specimen size on flexural response and strength. Tests were
performed on unidirectional, angle-ply, cross-ply, and quasi-isotropic beams of eight different scaled sizes
ranging from 1/6 scale to full scale. The beams were subjected to an eccentric axial compressive load designed
to promote large bending deformations and rotations. Results indicated that, although normalized flexural
response was independent of specimen size, a significant scale effect in strength was observed for all laminate
types. Typically, failure stresses and strains decreased as the size of the beam specimen increased from subscale
to the full-scale prototype. Standard failure criteria for composite materials, such as the maximum stress,
maximum strain, and tensor polynomial criteria, cannot predict the strength degradation with increasing
specimen size. Consequently, a Weibull statistical model and a fracture mechanics model were used to analyze

the strength scale effect.

Introduction

CALE model technology represents one method of inves-

tigating the behavior of advanced, weight-efficient com-
posite structures under a variety of loading conditions. Testing
of scale models can provide a cost-effective alternative to
destructive testing of expensive composite prototypes and can
be used to verify predictions obtained from analytical solu-
tions and finite element models. However, the limitations
involved in testing scale model structures must be understood
before the technique can be fully utilized. Often test data
obtained in the laboratory on small coupon-type specimens
are ‘‘scaled up’’ to predict the response of full-scale structures
with no regard for possible distortions due to specimen size or
scale. This assumption is made even though a size effect in
failure behavior of metallic!* and advanced compositeS-8
structures has been documented.

Several researchers have investigated scaling effects in the
response and failure of advanced fiber-reinforced composite
structures. In general, the linear elastic response of composite
laminates is independent of scaled size. However, a significant
scale effect in the tensile. strength of composite beams was
observed by Kellas and Morton.’> Similar results were found in
the flexural strength of composite beams by Jackson.® Addi-
tionally, studies on scaling effects in the impact response and
failure of composite beams by Morton’ and composite plates
by Qian et al.® demonstrate that the dynamic, elastic response
behaves according to classical scaling laws. However, once the
laminates are damaged, the response becomes more complex.
Typically, smaller scale model specimens fail at higher stress
and strain levels than their full-scale counterparts. The magni-
tude of the strength scale effect is dependent on the laminate
stacking sequence and mode of failure. Standard failure crite-
ria for composite materials, including the maximum stress,
maximum strain, and tensor polynomial criteria, cannot pre-
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dict the observed scale effect in strength when applied in a
conventional manner. Various statistical theories and fracture
mechanics approaches have been proposed to predict the
strength scale effect since these techniques incorporate some
measure of the absolute size of the test specimen.

An experimental and analytical study was conducted to
characterize scaling effects in the large deflection response and
failure of composite beams subjected to an eccentric axial
compressive load. This loading configuration, shown sche-
matically in Fig. 1, was chosen because it produces large
bending deformations and promotes global failure of the
beams away from the supported ends. A dimensional analysis
was performed on the beam-column system using the methods
outlined in Baker et al.’ to determine the nondimensional
parameters or Pi terms that govern the scaled response. Exper-
iments were conducted to verify the scaling'laws and to iden-
tify any deviations from scaled behavior. A one-dimensional
large rotation ‘‘exact’’ beam analysis was derived to compare
with the load-deflection response data and to predict failure
loads. Two failure models, one based on Weibull statistics and
one based on fracture mechanics theory, were applied to pre-
dict the observed degradation of strength with increasing spec-
imen size. -

Experimental Program

Eight different sizes of beams including 1/6, 1/4, 1/3, 1/2,
2/3,3/4,5/6, and full scale were constructed of high modulus
graphite-epoxy (AS4/3502) composite pre-preg material. Typ-
ical properties for this composite system were determined
from material characterization tests!® and are reported!! to be
E, =136.79 GPa (19.85 Mpsi), E; = 9.85 GPa (1.43 Mpsi),
Gy, = 4.82 GPa (0.70 Mpsi), and v,, = 0.293. Laminate stack-
ing sequences including unidirectional, angle-ply, cross-ply,
and quasi-isotropic were tested to examine a diversity of com-
posite response and failure modes. The dimensions and lay-
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Fig.1 Schematic drawing of the test setup.
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Fig.2 Schematic drawing of the hinge fixture.

ups of each of the scale model beams are listed in Table 1. The
thickness dimension of the beams was scaled by increasing the
number of layers for each angular orientation in the laminate
stacking sequence by the appropriate amount. This construc-
tion technique achieves scaled laminates on a “‘ply’’ level and
insures that the in-plane and bending stiffnesses are scaled
properly. However, using this approach, it is not possible to
construct a 1/4 or 3/4 scale quasi-isotropic beam.

The basic loading configuration for the scaled beams is
shown in the schematic drawing of Fig. 1. Each beam speci-
men was gripped in a set of hinges that offset the axial load
with a moderate eccentricity. A detailed drawing of the hinge
and beam attachment is shown in Fig. 2. Eight sets of hinges
were constructed (one for each of the eight scale factors) to
insure that the boundary and loading conditions were properly
scaled. For each hinge, the eccentricity, grip length, and verti-
cal distance from the center of the pin to the gauge portion of
the beam were scaled.

The hinges were attached to the platens of a standard load
test machine that applied a compressive vertical load. The
hinged end fixture allowed the beam to undergo large rota-
tions during deformation. Beam specimens were loaded in this
manner until catastrophic failure, which is defined as com-
plete loss of load-carrying capability. The beam-column load-
ing configuration was chosen, in part, because failures occur
in a global fashion at the center of the beam where the maxi-
mum bending moment occurs. Thus, failures are not intro-
duced by local effects at the grip supports. Although the beam
was loaded in a beam-column manner, the bending strains
were two orders of magnitude greater than those due to the
axial compressive load. Therefore, the beam was essentially
loaded in a state of pure bending until first ply failure.

The vertical applied load was measured from a load plat-
form located at the base of the bottom hinge support that was
attached to the lower platen of the test machine. The distance
traveled by the platens of the load test machine during a test is
defined as the end displacement for that test. End displace-
ment was measured using a string potentiometer displacement
transducer. Strain measurements were recorded from back-to-
back gauges applied at the midpoint of the beams. Additional
information on the experimental procedure used for the flex-
ural tests is reported in Ref. 6.

Analysis

A one-dimensional, large rotation exact solution was devel-
oped to predict the response of the composite beam-column
under eccentric axial load. The governing equation was
derived from equilibrium of the forces and moments on a
beam element. The exact moment and curvature relation was
used in the analysis, thus allowing the solution to predict large
rotation response. The solution of the governing equation
follows the development outlined in Timoshenko and Gere!2
for the classical ‘‘elastica’’ problem of a tip-loaded cantilever
beam but was adapted for the beam-column problem by ap-
plying the end moment boundary conditions produced by the
eccentric vertical load. The beam analysis predicts the end
displacement, transverse midpoint displacement, and end ro-
tation as a function of applied end load. A stress analysis was

incorporated to predict the individual ply stresses for each
load step so that stress-based failure criteria could be applied.
Complete details of the solution derivation and implementa-
tion are provided in Ref. 6.

Results
Normalized Load-Deflection Response and Failure Mechanisms

Normalized load vs end displacement plots and correspond-
ing photographs of a complete (1/6 through full scale) set of
failed beam specimens for the unidirectional, angle-ply, cross-
ply, and quasi-isotropic laminates are shown in Figs. 3-6,
respectively. Vertical load was normalized by the Euler
column buckling load that was determined empirically for
each beam specimen. End displacement was normalized by the
gauge length of the beam. The load response curves for the
unidirectional and cross-ply laminate families tend to fall
along a single curve, as shown in Figs. 3a and 5a, which
indicates that no scaling effects are observed in the static load
response, even for very large displacements and rotations.
However, the angle-ply and quasi-isotropic laminates deviated
from scaled response due to damage events that altered the
beam stiffness. Thus, the success of achieving scaled response
is dependent on the laminate stacking sequence with the best
results seen for laminates with a large percentage of 0-deg
plies.

The photographs shown in Figs. 3b-6b indicate that, al-
though the failure modes for the laminate types considered inf
this study are different from each other, they are similar
between scaled beams within a laminate family. Thus, failure
mechanisms appear to be independent of specimen size. The
unidirectional beams, shown in Fig. 3b, failed by fiber frac-
ture near the midpoint of the beam. This failure mode is
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Fig. 3 Unidirectional scale model beam results.
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Table 1 Scale model beam dimensions and stacking sequences

Beam dimension,

Scale mm X mm
factor (in. X in.) Unidirectional ~ Angle ply Cross ply Quasi-isotropic
1/6 12.7 x 127 [0lsT [452/ — 453]s  [02/902]s [ —45/0/45/90]s
(0.5 X 5.0)
1/4 19.05 x 190.5 021 [453/ — 453]s  [03/903]s e
(0.75 x 7.5)
1/3 25.4 x 254 [0i67 [454/ — 454)s  [04/904)s [ — 452/02/452/902]s
(1.0 x 10.0)
172 38.1 x 381 [Olaar [456/ — 456]s [06/906]s [ — 453/03/453/905]s
(1.5 x 15.0)
2/3 50.8 x 508 [Ol327 [458/ — 458]s  [08/908]s [ — 454/04/454/904]s
(2.0 X 20.0)
3/4 57.15 x 571.5 [0]367 [45¢/ — 450}s  [09/909]s e
(2.25 x 22.5)
5/6 63.5 x 635 [0laor [4510/ — 4510ls  [010/9010]ls [ — 455/05/455/905]s
(2.5 X 25.0)
6/6 76.2 x 762 [OlagT [4512/ — 4512)s  [012/9012]s [ — 456/06/456/906]5
(3.0 X 30.0)
0.5 0.8
0.7+ —~1
g 0.4 ””’4"—’f’~//f4’
3 N\, 2 0.6+
& 0.3- S 0.54 ]
~ 0.2 @ 167
a S~es3 ~ 0. 3%
‘Dz 3/417] N1/6 o 0.04 17371
— 0.1 s/6-1] 173 [1/4 = Tty 1/2 v
~1/2 — 0.1 5/
Full- || Ful 2/3
0.0 T T A 0.0 T T .
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b) Failed beam specimens

Fig. 4 Angle-ply scale model beam results.

typical of all of the unidirectional beams 1/6 through full
scale. Failure of the angle-ply beams occurred by transverse
matrix cracking along the 45-deg fiber line. There was no
evidence of fiber breakage, as shown in Fig. 4b, for any of the
angle-ply beams.

The cross-ply laminates exhibited a transition in the mode
of failure with specimen size. In general, the cross-ply lami-
nates failed by transverse matrix cracking in the 90-deg core
accompanied by either a delamination along the 0- and 90-deg
ply interface or fiber breakage in the 0-deg plies. The smaller
scale model beams contained some fiber fractures, whereas the
larger scale model beams failed by delamination, as shown in

b) Failed beam specimens

Fig. 5 Cross-ply scale model beam results.

Fig. 5b. The transition occurred between the 1/3 and 1/2 scale
model beams and is associated with the large gap in the nor-
malized end displacement ratios at failure for these beams, as
shown in the load-deflection plot of Fig. 5a. During large
deformations, the 90-deg plies located in the center of the
cross-ply laminates developed transverse matrix cracks. The
cracks were evenly spaced and resulted in uniform pieces of
debris, some of which are shown in Fig. 5b for the 5/6 scale
beam.

The quasi-isotropic beams failed through a combination of
matrix cracking, delamination, and some fiber failure. Al-
though the photograph in Fig. 6b does not give a good indica-
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Table 2 Average failure loads, displacements,
and strains for scaled beams

Failure strain, %

Scale Failure Failure End disp.
factor load, N, (lb) load ratio ratio Tension Comp.
Unidirectional
/6 77.4 (17.4) 0.67 0.98 a _
1/4 186.8 (42.0) 0.73 0.91 1.72 -2.01
1/3 278.4 (62.6) 0.72 0.86 1.56 —1.82
1/2 633.4 (142.4) 0.68 0.74 1.41 - 1.70
2/3 1209.0  (271.8) 0.69 0.75 1.35 - 1.67
3/4 1564.8  (351.8) 0.69 0.74 1.443 - 1.66
5/6 1807.7  (406.4) 0.67 0.68 1.35 - 1.54
Full 2331.3  (524.1) 0.62 0.54 1.13 —-1.24
Angle ply
1/6 8.9 2.0) 0.45 0.67 1.74 —1.66
1/4 19.6 4.4) 0.44 0.47 1.22 —1.36
1/3 28.5 6.4) 0.44 0.36 0.96 —-1.12
1/2 52.5 (11.8) 0.41 0.21 0.62 -0.79
2/3 86.7 (19.5) 0.35 0.16 0.84 -0.74
3/4 125.9 (28.3) 0.39 0.11 0.46 - 0.52
5/6 115.6 (26.0) 0.34 0.15 0.66 -0.77
Full 166.8 (37.5) 0.35 0.11 0.55 - 0.46
Cross ply
1/6 76.1 17.1) 0.76 0.96 — -2.19
1/4 139.2 (31.3) 0.75 0.95 1.67 ~2.09
1/3 244.2 (54.9) 0.71 0.84 1.50 ~1.89
172 443.0 (99.6) 0.56 0.35 0.86 ~1.01
2/3 790.0 (177.6) 0.53 0.26 0.72 -0.83
3/4 975.4 (219.3) 0.51 0.19 0.59 ~0.67
5/6 1222.8 (274.9) 0.50 0.16 0.54 —0.61
Full 1535.0  (345.1) 0.47 0.10 0.39 - 0.42
Quasi-isotropic

1/6 31.1 (7.0 0.73 0.80 1.43 - 1.70
1/3 107.2 24.1) 0.62 0.53 1.06 - 1.45
1/2 230.9 (51.9) 0.60 0.59 —_— - 1.49
2/3 375.4 (84.4) 0.54 0.37 0.91 -1.16
5/6 583.1  (13L.1) 0.54 0.31 0.78 —1.00
Full 833.1 (187.3) 0.53 0.29 0.69 —0.95

aGauge failed.

tion, the damaged quasi-isotropic beams are highly curved.
The sequence of failure events occurred such that the remain-
ing intact section of the beam consisted of an unsymmetric
laminate, resulting in the observed curvature. Although the
smaller scale model beams were more extensively damaged
than the larger beams, the mechanism of failure was similar
for all beam sizes.

Strength

A significant scale effect in strength is observed for all of
the laminate families. Figures 3-6 show that the normalized
loads and end displacements at failure increase as the size of
the specimen decreases from the full-scale prototype to the 1/6
scale model. Tensile and compressive strains at failure indicate
a similar trend. Table 2 lists the loads, load ratios, end dis-
placement ratios, and tensile and compressive strains at failure
for the unidirectional, angle-ply, cross-ply, and quasi-isotropic
laminates, respectively. The scale effect in strength is particu-
larly large for the cross-ply laminates in which the 1/6 scale
beam failed at a normalized load 1.5 times the value for the
full-scale beam and at an end displacement ratio 10 times
greater than the full-scale beam.

The exact large deflection beam solution was used to per-
form a stress analysis of the eccentrically loaded composite
beam column. Three standard failure criteria including the
maximum stress, maximum strain, and Tsai-Wu tensor poly-
nomial criteria were applied to predict first ply failure. The
criteria require that five material strength properties be
known, including tensile fiber-direction strength X, compres-~
sive fiber-direction strength X, tensile transverse strength Y;,
compressive transverse strength Y., and in-plane shear

strength S. The values of failure strain are found by dividing
the strengths by the corresponding moduli. The strength val-
ues were determined for the AS4/3502 graphite-epoxy mate-
rial system by Sensmeier et al.'® from a series of material
characterization tests. Results of the failure analysis are shown
in Figs. 7-10 for the unidirectional, angle-ply, cross-ply, and
quasi-isotropic beams, respectively. These plots indicate the
load and end displacement ratios at which first ply failure is
predicted, along with the experimental load-deflection data
from a full-scale beam and a smaller scale model beam (either
1/6 or 1/4 scale). The sudden drop in load for the experimen-
tal data indicates the load ratio at which ultimate failure
occurred.

Results of the failure analysis for the unidirectional lami-
nates indicate that failure occurs at the midspan of the beam
on the compression side at a load ratio of 0.51 and an end
displacement ratio of 0.18, as shown in Fig. 7. All three failure
criteria predict that failure will occur at that load and end
displacement ratio. The maximum stress and strain criteria
predict that the compressive stress and strain in the fiber
direction exceeds the compressive strength and ultimate com-
pressive strain in the 0-deg ply on the outer surface. The plot
of Fig. 8 shows the normalized load-displacement response up
to failure for the angle-ply laminate as predicted from the
beam analysis, along with experimental data from a 1/6 and
full-scale beam. The Tsai-Wu criterion predicts that the first
ply failure will occur in the outer 45-deg ply on the tensile side
of the beam at a load ratio of 0.52 and an end displacement
ratio of 0.2. The maximum stress and maximum strain criteria
predict failure at a higher load ratio of 0.57 and an end
displacement ratio of 0.36. Both of these criteria predict a
shear failure of the outer 45-deg ply on the compression side
of the beam.

For the cross-ply laminates, the maximum stress and maxi-
mum strain criteria predict first ply failure to occur at a load
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Fig. 6 Quasi-isotropic scale model beam results.



JACKSON: FLEXURAL FAILURE OF COMPOSITE BEAMS 2103

0.8
a
3
9 0.65
e
]
!
35
u0.44
~ 1/4 Scale
9( Full Scal
ull Scale
So.2
I~ Analysis (First Ply Failure)
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

END DISPLACEMENT / LENGTH

Fig.7 Large deflection analysis including predicted first ply failure
for unidirectional laminates. Experimental load-deflection response
from 1/4 and full-scale beams.
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Fig. 8 Large deflection analysis including predicted first ply failure
for angle-ply laminates. Experimental load-deflection response from
1/6 and full-scale beams.

ratio of 0.53 and an end displacement ratio of 0.24, as indi-
cated in Fig. 9. A compressive failure is predicted in the outer
0-deg ply of the beam. The Tsai-Wu criterion is exceeded at a
higher load ratio of 0.55 and an end displacement ratio of 0.29
in the outer 0-deg ply on the compressive side of the beam. For
the quasi-isotropic laminates, the Tsai-Wu failure criterion
predicts that first ply failure occurs in the 0-deg ply in com-
pression at a load ratio of 0.52 and an end displacement ratio
of 0.2. This failure location is shown in Fig. 10 along with the
load-displacement response for a 1/6 and full-scale quasi-
isotropic beam. The maximum stress and maximum strain
criteria also predict that the first ply failure will occur in the
0-deg ply on the compressive side of the beam, but at a higher
load ratio (0.55) and end displacement ratio (0.3).

For the angle-ply and cross-ply laminates, the analytical
prediction of first ply failure falls between the observed fail-
ures for the full-scale and subscale beams. For the unidirec-
tional and quasi-isotropic laminates, the analytical failure pre-
dictions are conservative, even for the full-scale specimens.
Obviously, the failure criteria do not predict a difference in
strength based on specimen size. In part this is because ele-
mentary approaches to scaling require that stress and strain
scale as unity. Consequently, for geometrically similar beams,
any failure criteria based solely on stress or strain will predict
a single failure load ratio, independent of the absolute speci-
men size.

Analysis of the Strength Scale Effect

Previous researchers have attempted to model the strength
scale effect of composite structures using a Weibull statistical
model!3-16 or a fracture mechanics based model.*!” The appli-
cation of statistical techniques for modeling the size effect in
strength of brittle materials is based on the observation that

these materials are flaw sensitive. Since the presence of imper-
fections can be statistical in nature, it is reasonable to assume
that larger specimens will exhibit a lower strength simply
because the probability is higher that a strength critical flaw,
such as a crack or void, is present in the greater volume of
material. Weibull statistical theory has been applied in con-
junction with a weakest link theory to develop a mathematical
model for predicting the scale effect in strength. Bullock!
found that the ratio of ultimate strengths between a geometri-
cally similar model and prototype is given by

Srl'lllt [ Vp} 1/8

S;)lll Vm
where the subscripts m and p refer to the model and proto-
type, respectively; S is the ultimate stress, ¥ the volume, and
B3 the Weibull shape parameter, sometimes called the flaw
density parameter since it provides a measure of the scatter in
the strength data. The flaw density parameter 8 is assumed to
be a material constant. If 8 is determined empirically from two
specimens of differing size, then the strength of geometrically
similar scale models can be predicted. )

Atkins and Caddell used a fracture mechanics approach to

derive a simple size-strength relationship for notched brittle
materials. They included the critical stress intensity factor in a
dimensional analysis and, based on the laws of similitude,
showed that the stress for unstable crack growth should scale
as N~ "”. Thus, the stress needed to propagate a crack in a

full-scale prototype structure g, and the corresponding stress
o, in a model structure are related by

0p = VN
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Fig. 9 Large deflection analysis including predicted first ply failure
for cross-ply laminates. Experimental load-deflection response from
1/4 and full-seale beams.
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Fig. 10 Large deflection analysis including predicted first ply failure
for quasi-isotropic laminates. Experimental load-deflection response
from 1/6 and full-scale beams.
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where A is the geometric scale factor that is defined as the ratio
of the length of the model to the length of the prototype. For
this investigation, A is equal to the scale factors 1/6, 1/4, 1/3,
1/2, 2/3, 3/4, 5/6, and 1.

The normalized load ratio at failure is plotted as a function
of scale factor for the unidirectional, angle-ply, cross-ply, and
quasi-isotropic laminates, respectively, in Figs. 11-14. The
data for these plots were taken from Table 2. The value of
failure load ratio for each of the scale model beams was
normalized by the full-scale value for that laminate family. If
no scale effect in strength was present, then all of the data
would fall on the straight lines drawn at 1.0 in each of the
plots. Results from both the Weibull statistical model and the
fracture mechanics based model are plotted with the experi-
mental data. The flaw density parameter was determined from
strength data for a small scale and full-scale size beam speci-
men for each laminate type. As shown in Figs. 11-14, the
Weibull model shows better agreement with the strength data
than does the fracture mechanics model. The success of the
Weibull model in predicting strength degradation depends
heavily on the flaw density parameter that must be determined
empirically and varies depending on the laminate stacking
sequence. As such, the flaw density parameter may be influ-
enced by the initial damage state and choice of beam sizes used
to derive it. Jackson and Morton!! reported results that indi-
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cated that differences in the initial damage state and transi-
tions in the mode of failure between the different beam sizes
can lead to errors in the value of the flaw density parameter.
In these cases, the Weibull model can overpredict the strength
of the full-scale beam.

Results of applying statistical and fracture mechanics based
models for predicting the strength scale effect show that nei-
ther approach can explain the phenomenon in a satisfactory
manner. Research by Crossman et al.,'’® Wang et al.,'® and
Laws and Dvorak?® on the effects of transverse matrix crack-
ing on the final fracture of cross-ply laminates suggests that a
model that incorporates both theories is needed. A statistical
approach was used to determine which microflaws within a
90-deg core ply would most likely coalesce to form a trans-
verse matrix crack given a random distribution of flaws and
flaw sizes. Once a crack formed, fracture mechanics theories
were applied to determine the stability of the crack under the
given loading conditions. The progression of crack formation
and stability were continually monitored until ultimate lami-
nate failure. A model of this type was used to successfully
predict the tensile failure of cross-ply laminates in which the
number of 90-deg plies was varied from two to six. These
laminates were not replica models since the number of 0-deg
plies was not adjusted in the same proportion as the number of
90-deg plies; however, the success of the model indicates that
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it may be able to predict accurately the scale effect in strength
for laminates of varying sizes and stacking sequences.

In general, it is believed that the size effect in strength that
is observed on a structural level is the result of microscopic
damage that begins within the laminate and develops in a
certain manner under the applied load. The accumulation of
damage and interaction of failure mechanisms eventually pro-
duce ultimate failure of the structure. The effect of test speci-
men size on failure modes and ultimate strength needs to be
understood on a material level before scale model testing of
composite structures can be used to validate full-scale behavior.

Summary

Scale model composite beams were loaded to failure under
an eccentric axial compressive load to study the effects of
absolute specimen size on the large deflection flexural re-
sponse, ultimate strength, and mode of failure. Experiments
were conducted on graphite-epoxy composite beams having
unidirectional, angle-ply, cross-ply, and quasi-isotropic lami-
nate stacking sequences. The beams were fabricated to insure
geometric and constitutive similarity and were tested under
scaled loading conditions. Results of this investigation show
that valuable information can be obtained from testing scale
model composite structures, especially in the linear elastic
response region. However, a significant strength scale effect
was observed experimentally for all laminates tested. Small-
scale beams fail at higher normalized load and end dis-
placement values than their full-scale counterparts. Failure
theories for composites such as maximum stress, maximum
strain, and Tsai-Wu tensor polynomial criteria cannot predict
a difference in strength based on absolute specimen size.
Weibull statistical approaches and fracture mechanics based
models were applied to predict the observed scale effect in
strength., The statistical model gave better agreement with
experimental data, but an empirical flaw density parameter
was necessary for good correlation. Additional research is
required to isolate and understand the factors responsible for
the size effect in failure of composite structures before mean-
ingful models can be developed.
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