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Scale Effects in Buckling, Postbuckling, and Crippling of
Graphite-Epoxy Z-section Stiffeners
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The buckling, postbuckling, and crippling of graphite-epoxy Z-section stiffeners are investigated as functions
of specimen structural parameters. Variables addressed are flange and web widths, flange-to-web corner radii,
thickness, and stacking sequence. Analytical, numerical, and experimental results are discussed. Nondimen-
sional parameters have been obtained from an analytical model which effectively normalize the initial local
buckling data reported herein and in the literature. The nature of the load redistribution after buckling is related
to the geometric variables. A normalized total width concept is used to unify the crippling data. Crippling
mechanisms include flange-free edge delamination and local failure of the flange-to-web corner and are shown
to depend upon the laminate stacking sequence.

Introduction

T HE implementation of composite materials in structural
applications has involved the production of costly proto-

types and large-scale experimental verification of certain de-
sign concepts. Scale-model testing can streamline the develop-
ment process and help improve the cost-effectiveness of
composite structures. Scale-model testing requires that the
relationships between the responses of the small-scale model
and full-size component be known so that the behavior of the
model can be used to predict the responses of the full-size
component. The relationships between the responses can be
obtained through applied mechanics formulations. However,
the presence of physical constraints or conflicts can prevent
the complete reproduction of certain responses in small-scale
models. Responses subject to such physical constraints or
scaling conflicts include rate-dependent and notch-sensitive
behaviors.1 Furthermore, the mechanics formulations are still
evolving for advanced material systems and may not provide
the "scaling" relationships at the local material level necessary
to relate all aspects of the response throughout the size range.

In the present study, a representative structural element has
been selected which exhibits several response regimes of in-
creasing complexity. The configuration is a laminated com-
posite Z-section stiffener subjected to uniaxial, compressive
loading. The response regimes are prebuckling, initial local
buckling, postbuckling, and crippling. The configuration and
response modes are relevant to a common aerospace design
concept, in which a thin outer skin is reinforced by thin-walled
stiffeners. Under compressive loads the skin and stiffeners
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may undergo local buckling. The structure may be required to
carry additional load in the buckled configuration, necessitat-
ing the understanding of the structural behavior in the post-
buckled response mode. The prebuckling and initial local
buckling responses of the stiffener are readily modeled using
available mechanics techniques. The postbuckling response
involves increasing structural (geometric) and possibly mate-
rial (constitutive) nonlinearities which add to the complexity
of the mechanics problem and the solution techniques. The
crippling response of stiffeners has been characterized phe-
nomenologically, but the mechanics formulations of the pro-
cess are still largely incomplete. Much analytical and experi-
mental work addressing stiffener buckling and crippling has
already been published (e.g., Refs. 2-7). Although the present
work adds to this database of information, the primary pur-
pose herein is to address the stiffener responses in the context
of scaling. The objective of this work is to identify 1) the
scaling relationships which govern the responses where possi-
ble, and 2) the responses which are either subject to scaling
conflicts or inadequately modeled by the available mechanics
formulations.

At least two approaches to a study in scaling are available.
The first involves the use of dimensional analysis and simili-
tude principles to define those nondimensional groups of geo-
metric and material variables which govern the responses of
scale models. From these parameters, an experimental pro-
gram can be defined using a number of scaled specimens to
permit validation of the scaling parameters and to identify any
"scale effects" or nonscaled behavior. This approach has
been successfully employed with composite structures in stud-
ies of transverse impact of beams,1 tensile strength,8 and the
static and dynamic responses of eccentrically loaded beam
columns.9'10 A second approach is more mechanistic in nature
and will be used in the current work. Here, a scale effect is
identified as a departure of the response from a known me-
chanics model, which occurs systematically with specimen
size. In contrast to the similitude approach, the mechanistic
approach permits "selective scaling" or the evaluation of the
response as a subset of the material and/or geometric parame-
ters is varied. This approach may be preferred when there are
many variables involved in characterizing the response, and
when it is desired to determine the sensitivity of the response
to the change in individual variables. An obvious difficulty
with this approach is the need to separate genuine scale effects
from any inadequacies in the mechanics model being used.
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The geometric and material variables investigated in this
study are flange and web widths, flange-to-web corner radius,
thickness, and stacking sequence. Response characteristics to
be discussed are initial axial stiffness, buckling loads, load
redistribution after buckling, and failure loads and mecha-
nisms. A threefold method of investigation has been adopted:
analytical, numerical, and experimental. The purpose of the
analytical work is to identify parameters which normalize the
initial local buckling loads. Finite element models correct defi-
ciencies in the analytical model and also permit extension of
the analyses into the postbuckling regime. Finally, a series of
experiments provide the essential validation of the scaling
parameters identified.

Analytical Model
An analysis is available for the buckling load of a Z-section

stiffener with right-angle flange-to-web corners. This analysis,
due to Bulson,11 is based on a classical model of local buck-
ling. The model was extended by Lee12 to apply to sections
comprised of single-layered orthotropic plates. A further gen-
eralization has been achieved in the current work for the
application to symmetric laminates, albeit with the limitation
that bending-twisting coupling is neglected. One-half of the
web (from the flange-to-web corner to the web centerline) and
one flange are modeled as plate elements. The symmetry of the
web about the web center is used to permit modeling of only
half of this member. Governing differential equations for each
of the two plate elements may be written as

4

where D{j (/, j = 1, 2, 6) are the orthotropic plate bending
stiffnesses, w is the out-of-plane deflection, x and y are longi-
tudinal and transverse in-plane coordinates, respectively, and
Nx is the axial load per unit width. Separate displacement
functions w(x, y) are assumed in the web and flange of the
form:

x, y)=f(y) sin rrnrx

where L is the plate length and m is the number of half-waves
in the buckled shape. Use of these displacement functions
transforms the two partial differential equations in terms of
w(x, y) into two ordinary differential equations in terms of
f ( y ) . A general solution of these ordinary differential equa-
tions is of the form:

f(y) - AI cosh \y + A2 sinh \y + A3 cos coy + A4 sin toy

A total of eight boundary and/or compatibility conditions are
needed for a specific solution of these two ordinary differen-
tial equations. Equilibrium of the bending moments and rota-
tions is enforced at the web-to-flange joints and provides two
compatibility conditions. Zero transverse displacement at the
flange-to-web joint provides two boundary conditions. For
the web, the two remaining boundary conditions are zero
transverse slope and shear force due to the state of symmetry
which exists along the web centerline. For the flange, the two
remaining boundary conditions are zero shear force and bend-
ing moment along the free edge. The mathematical statement
of these boundary conditions produces a system of eight equa-
tions involving the unknown constants (A^ - A4)^eb and
(A i -^44)fiange- The final governing or characteristic equation
is obtained by setting the determinant of the coefficients of
these unknown constants to zero. The resulting equation can
be expressed in the form

I" F(SS-symmetric) 1 B» [" F(55-free) 1
L (Fclamped-symmetric)J web Bf \_ (Fclamped-free)Jfiange

where each function F is the characteristic equation for a plate
element subjected to the indicated pair of boundary conditions
on the longitudinal edges; SS refers to a simply supported
boundary, symmetric refers to the plate edge being in a plane
of symmetry, and Bf and Bw refer to the flange and web
widths, respectively. Each characteristic equation represents
the expanded determinant of the coefficient matrix formed by
application of the indicated boundary conditions.

Two nondimensional load parameters were obtained from
the analytical model. The two parameters, a. and /3, are de-
fined as

and

w{ [(D33/D22)2-Dn/D22

+ (NX/D22)(L /m 7T)2]1/2 - D33/D22} *

where £>33 = Di2 + 2D66. Presentation of buckling data in terms
^of these parameters is given in the Results and Discussion
section.

Numerical Analysis
The ABAQUS finite element code was used for the numeri-

cal analyses which were conducted on an Apollo DN4000
work station. Eight and nine-node shell elements with 5 or 6
degrees of freedom per node were used. The elements are
shear deformable, based on a first-order shear-deformation
theory. Initial buckling loads were determined using an eigen-
value extraction algorithm. Geometrically nonlinear analyses
of models with an initial imperfection were performed
throughout the load range using a modified Riks procedure.13

The imperfection was defined as the sum of the first two
buckling modes obtained from the eigenvalue analyses. The
amplitude of the imperfection was normalized to 5% of the
nominal eight-ply laminate thickness of 1 mm.

Experimental Program
The analytical and numerical studies were used to define the

specimen geometries for an experimental investigation of local
buckling. The specific geometric and material variables con-
sidered and the specimen designations are contained in Table
1. The specimen cross section is shown in Fig. 1. The nominal
web and flange widths, defined in Fig. 1, range from
Bw = 19.05 to 44.45 and Bf = 12.70 to 31.75 mm, respectively.
The corner radii R are 3.175 and 6.35 mm. The lengths were
selected to avoid column buckling. The specimens were cut
from long section stock fabricated from Hercules, Inc., AS4/
3502 graphite-epoxy unidirectional preimpregnated tape.
Three stacking sequences were selected: [ ± 45/0/90]5, [ ± 457
0/90]25, and [ + 30/02/ - 30],. The [ ± 45/0/90]25 laminate
was chosen to investigate the effect of thickness. This laminate
is "scaled" on a sublaminate basis to avoid the matrix crack-
ing associated with repeating individual plies.8 The purpose of
the unorthodox [ + 30/02/ - 30]5 laminate is to assess the gen-
erality of the scaling parameters developed for a high degree

Effective Bf

I t I
K Nominal Bf-H

Fig. 1 Definition of nominal and effective geometric parameters.
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Table 1 Stiffener geometries and buckling and crippling loads

Specimen
type

Zl
Z2
Z3
Z4
Z5
Z6
Z7
Z8
Z9
Z10
Zll
Z12
Z13
Z14
Z15
Z16
Z17
Z18
Z19
Z20
Z21

Number of
specimens

3
3
3
2
2
2
2
3
3
3
3
2
3
3
2
3
2
2
2
2
2

Stacking
sequence

[ ± 45/0/90]2*

[ ± 45/0/90]*

[30/02/ - 30]5

[ ± 45/0/90]5

[ ± 45/0/90]5

[ i 45/0/90]5

Web
widtha

j&w, mm
44.45

44.45

44.45

31.75

31.75

19.05

Flange
widtha

Bf, mm
31.75
25.40
19.05
31.75
25.40
19.05
12.70
31.75
25.40
19.05
12.70
31.75
25.40
19.05
12.70
31.75
25.40
19.05
12.70
19.05
12.70

Corner
radius
R, mm

3.175

3.175

3.175

3.175

6.35

3.175

Gauge
length5

L, mm

254

152
254

152

254

152

254

152

254

152

152

Buckling
loads, kN

Experiment

35.1
45.0
57.2
4.5
5.7
7.9
7.9
3.1
3.9
5.5
5.7
4.1
5.3
7.8

11.1
4.8
6.3
9.4

12.8
6.9

10.3

FEMC

36.2
43.5
57.1
4.7
6.0
8.1
8.2
3.2
4.0
5.5
5.4
4.2
5.5
7.9

11.1
4.7
6.3
9.5

13.4
7.2

10.4

Crippling
loads, kN

Experiment

49.9
52.3
59.0
16.1
16.2
14.4
13.4
12.3
12.3
13.5
12.7
17.3
16.5
15.2
13.7
18.7
17.1
15.4
14.5
11.0
11.0

Nominal dimensions. See Fig. 1 for definitions.
bEach specimen had an additional 25.4 mm of length supported by potting material at each end.
°FEM = finite element method.

of orthotropy and bending-twisting coupling. The bending-
twisting coupling was not included in the analytical formula-
tion. The ends of the specimens were potted in an aluminum-
filled epoxy compound to a depth of 25.4 mm, and contained
by steel or aluminum rings of 100-125 mm diameter. These
potted end supports provide for uniform load introduction,
prevent end brooming of the specimens under compression,
and simulate clamped boundary conditions.

Back-to-back strain-gauge pairs were located at axial posi-
tions corresponding to the numerically predicted locations of
the antinodes of the first two buckling modes. Longitudinal
strain-gauge pairs were located at the flange-free edge, mid-
flange, flange-to-web corner, and midweb locations. Trans-
verse strain-gauge pairs were located at the flange-to-web
corner and midweb locations. The strain gauges aided in the
determination of initial buckling and revealed the nature of
the load redistribution after buckling. Direct Current Dis-
placement Transducers (DCDTs) were placed near the flange-
free edges at three or four locations per flange to measure
out-of-plane displacements. Specimen end shortening was also
measured with DCDTs. In addition, one flange was monitored
using a shadow moire technique to aid in the determination of
the onset of buckling and the resulting mode shape. Specimens
were loaded at a nominal axial strain rate of 0.001 min"1

between aligned platens of a 534-kN-capacity hydraulic testing
machine at NASA Langley Research Center.

Results And Discussion
Prebuckling

Prior to buckling, a state of approximately uniform com-
pression is assumed to exist in the specimens. A plot of the
load normalized by the cross-sectional area and the equivalent
longitudinal modulus vs the end shortening normalized by the
length (P/AE vs U/L) should have a unit slope prior to
buckling. However, the experimentally observed slopes range
from 0.87 to 1.02. Potential sources of error are the values of
P, A, E, U, and L which were used. The accuracy of the load
P and end shortening U measurements is considered satisfac-
tory. The cross-sectional area A was calculated based on the
actual stiffener dimensions. The equivalent longitudinal mod-
uli in compression E were measured using coupons cut from
the Z-section stock, and were found to be 4 to Wo lower than
predicted from lamination theory using nominal ply properties

of E1 = 121.5 GPa, E2 = 11.31 GPa, G12 = 6.0 GPa, and
Vi2 = O.3.3 Therefore, the value of the equivalent longitudinal
moduli may account for up to one-half of the observed dis-
crepancy. An additional source of error in prebuckling stiff-
ness is the effective length of the stiffener. The effective length
is in between the total length and the gauge length due to the
fact that some displacement can occur within the potted end
supports. The total depth of the end supports is either 20% or
33% of the gauge length, as indicated in Table 1.

The constraint offered by the potted end supports varied as
a function of specimen geometry and stacking sequence. A
qualitative prediction of the behavior can be obtained from
the following model. The total end shortening between the
platens of the test machine can be expressed as U = Ug + Up,
where Ug and Up are the net shortening of the specimen which
occurs in the gauge length and potted end supports, respec-
tively. The displacement in the gauge length satisfies the equa-
tion P/AE = Ug/L, where P, A, and E are the load, cross-
sectional area, and equivalent longitudinal modulus from
lamination theory, respectively. The shortening in the potted
end supports may be represented as Up = kLpP/s, where k is
a potted end support parameter (composed of an inverse mod-
ulus and a characteristic length), Lp is the sum of the depths of
the potted end supports, and 5- is the total width of the devel-
oped cross section of the stiffener. Combining the above yields

P/AE = (U - UP)/L = U/[L + kEtLp] = n(U/L)

where

n = + (kEtLp)/ L]

and the cross-sectional area A is equal to (s t ) , for laminate
thickness t. The model predicts that the effect of the potted
end supports on axial stiffness of the complete potted speci-
men should increase with increasing laminate thickness and
decreasing gauge length, and be independent of flange or
web widths. The model suggests that a plot of \/n = (U/L)/
(P/AE) vs (EtLp/L) would produce a line of slope k and an
intercept of 1. Such a plot is contained in Fig. 2 using the
experimentally observed "n99 values. The dependence of the
data on the parameters E, t, and L is generally consistent with
the trends predicted by the model. However, the model does
not predict the exact functional dependence of the behavior,
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nor the large differences among replicate specimens. Some
variation in the response between replicate specimens of the
[ + 30/02/ - 30]5 stacking sequence is attributed to an initial
lack of parallelness between the two surfaces of the potted end
supports in contact with the platens of the test machine, as
indicated by strain-gauge data. The compression and shear
stress-strain behavior of the potting compound were measured
using specimens cut from a potted end support near the inter-
face with the stiffener. Significant nonlinearity in both the
compression and shear responses indicates that the parameter
k in the above model is not a material constant. Indeed, the
differing stress levels in the end supports among the various
specimens gives further cause for the observed varying effect
of the end supports on axial stiffness.

The displacement occurring in the end supports will influ-
ence the apparent axial stiffness of a specimen throughout the
entire load range, and not just prior to buckling. The signifi-
cance of the above discussion is that an experimental artifact
such as these potted end supports might result in an apparent
size dependence of the overall structural response. This might
be interpreted falsely as a scale effect if the mechanics govern-
ing the constraint of the potted end supports are not included
in the analyses.

Initial Local Buckling
Measured and predicted initial buckling loads for the Z-sec-

tion stiffeners presented in this study are contained in Table 1.
Nondimensionalization of the governing equations revealed
two normalizing parameters a. and (3 defined previously in the
Analytical Model section. The first parameter a. normalizes
the buckling load per unit cross-sectional width Nx in terms of
the web width and the axial and transverse bending stiffnesses.
The buckling loads of the specimens in this study normalized
in this fashion are shown in Fig. 3, plotted against the nominal
flange-to-web width ratio Bf/Bw. The results for three web
widths and two quasi-isotropic stacking sequences are con-
tained in the figure. The parameter a. normalizes the buckling
data for the various web widths, but not for the different
stacking sequences. The agreement between the experimental
values and the corresponding finite element predictions shown
in the figure is good. The data indicate that sections with a
Bf/Bw ratio greater than 0.2-0.25 are flange critical; that is the
flange is too wide to provide efficient stiffening of the web
without the flange buckling. The effect of the larger corner
radius is to increase the buckling loads by 13 to 11%. The
agreement between the analytical model and the experiments
improves as the true cross-sectional geometry approaches the
idealized model; that is as the corner radius decreases. The
agreement between the experiments and the analytical model
degrades as the Bf/Bw ratio is decreased. This result is to be
expected since the analytical model assumes a right-angle cor-

ner, and the actual curved corner of the specimen becomes a
relatively greater portion of the cross section as the flange
width is reduced. This is, therefore, not a scale effect per se,
but rather an example of a deficiency in the model being used
to evaluate the behavior.

The second parameter /3 normalizes the buckling load per
unit cross-sectional width Nx in terms of the web width, spec-
imen gauge length, the number of half-waves in the buckled
mode shape, and all of the bending stiffnesses except Z>16 and
Z>26- The parameter /3 effectively normalizes the buckling data
for all of the geometric and material variables included in the
model, as shown in Fig. 4a in which /3 is plotted against the
flange-to-web width ratio Bf/Bw for the specimens in the
current study. The normalization is based on the effective
flange and web widths, which are defined as the sum of the
flat portions of the respective elements with one-half of the
centerline arclength of the adjacent corner (see Fig. 1). The
parameter (3 is also plotted against Bf/Bw in Fig. 4b for data in
the literature.2'6 A corner radius of 3.175 mm was assumed
when one was not stated in the references. The data in Fig. 4b
cover a range of materials and laminate stacking sequences
and are for the most part from channel section stiff eners,
rather than Z-section stiff eners. The analytical model, how-
ever, applies equally to both cross sections. The agreement is
good, particularly in view of the variability in specimen prepa-
ration, end supports, and test procedures which likely exists.
As discussed above, the analytical and experimental agree-
ment degrades as the flange width is reduced. The use of the
effective flange and web widths unifies the data for the two
corner radii considered in the current study. In summary, the
parameter 0 is an effective parameter for the scaling of the
initial local buckling loads of laminated composite Z-section
stiff eners.

A Ritz analytical model for predicting buckling loads is also
presented in Ref. 4. The model treats the stiff ener as being
comprised of individual plate elements which are simply sup-
ported at the plate junctions. This choice of boundary condi-
tion at the junctions enables the bending-twisting coupling to
be more readily included in the model. Therefore, the models
of Ref. 4 and the present paper represent two different com-
promises (flange-to-web boundary conditions vs bending-
twisting coupling) for buckling load prediction. The implica-
tions of the different assumptions will now be discussed.
Estimated buckling loads in Ref. 4 for channel sections were
below experimental values by 19% and 1.5% on average for
the assumptions of simply supported and clamped boundary
conditions on the loaded edges, respectively. The underestima-
tion of the buckling loads was attributed to the assumption of
simply supported conditions at the flange-to-web junctions.4

Finite element analyses of the sections in the current study
were performed with and without the Q16 and Q26 stiffness

U / L
P / A E

0 40000 80000

EtLp/L

Fig. 2 Correlation of model for initial axial stiffness with experimen-
tal data.

50

Normalized
Buckling 49
Load, a

Exp FEM
O Zl,2,3
Q Z4,5,6,7
O Z12,13,14,15
A Z16,17,18,19
X Z20,21

0 0.2 0.4 0.6 0.8 1

B f / Bw

Fig. 3 Normalized buckling loads in terms of parameter a.
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a) 0.0 0.2 0.4

Normalized
Buckling 2.5
Load, p

5/0/90
S/0/90]2s

5/-+45/90/03]
5/03/90]s

/±45) 2 s

S/04/±45/02l s

YV-45

5/0
5/0

b)

Fig. 4 Normalized buckling loads in terms of parameter ft: a) data
from current work, and b) data from Refs. 2-6.

coupling terms included to evaluate the implications of ne-
glecting the bending-twisting coupling in the analytical model.
For the case of a 44.45-mm-wide web and 31.75-mm-wide
flange, the calculated buckling loads are 0.6%, 4.0°7o, and
16% higher when Q16 = Q26 = 0 for laminates [ ± 45/0/90]2s,
[±45/0/90]5, and [ + 30/02/ - 30L, respectively. The ratio of
bending stiffnesses D\$/D\\ for these cases are 0.06, 0.16, and
0.21, respectively. These results indicate that the impact of
neglecting the coupling terms on the buckling loads increases
in proportion to the relative magnitude of this coupling.

Postbuckling
The partitioning of the total load carrying range between

the prebuckling and postbuckling regimes depends on the
section geometry and stacking sequence. Pertinent parameters
discussed in previous work on stiffener crippling are the
flange-to-web width ratio Bf/Bw and width-to-thickness ratios
Bf/t and Bw/t. A more general parameter for ranking the
load-end shortening responses of the various section ge-
ometries is a normalized width, defined as the ratio of the total
width of the cross section s, which is approximately
(2Bf + Bw) and the section thickness t (see Fig. 1). The load-
end shortening responses of selected specimens are illustrated
in Fig. 5. These specimens represent a range of flange, web,
and thickness dimensions. The applied load P is normalized by
the extensional modulus E and cross-sectional area A The end
shortening U is normalized by the stiffener gauge length L.
The normalized widths s/t for these specimens are identified
in the figure. The results indicate that specimens having a large
s/t ratio are relatively wide and thin, and, therefore, buckle at
lower stresses, but have an extensive postbuckling load range.
For smaller normalized widths, buckling occurs at higher
stresses, and the postbuckling range is reduced. The increased
buckling resistance for decreasing flange width is expected,
since all of the specimens in this study are predicted to be

flange critical to varying degrees. The effect of decreasing the
web width is also to increase the buckling and postbuckling
stresses. This increase results from the web becoming rela-
tively thicker (due to decreasing width-to-thickness ratio Bw/
t) as the web is reduced. The effect of thickness is most
noticeable since the bending stiffnesses increase proportion-
ally with t3. The result is that buckling loads increase by a
factor of approximately eight with a doubling of the laminate
thickness. Postbuckling loads remain significantly higher, as
well. The figure also indicates that the range of postbuckling
response is significantly reduced for the thicker specimens.

After buckling, the axial compressive load is no longer
distributed uniformly over the cross section. The redistribu-
tion of load results from the reduced axial stiffness associated
with bending in the flanges and web. The corner regions
remain nominally straight and unbuckled, and, therefore,
load tends to concentrate there. The redistribution of load will
influence local stress states which may be related to final
failure. The rate at which the redistribution occurs with con-
tinued loading in the postbuckling regime will, therefore, af-
fect the total extent of the postbuckling load range and the
mode of failure. The nature of this load redistribution can be
evaluated using the data from strain gauges located over the
cross section. The redistribution of strain across the cross
section is shown in Fig. 6 for sections of various web, flange,
and thickness dimensions. The data presented in Fig. 6 are for
applied postbuckling loads corresponding to average strains
(U/L) 0.3% above the strains at buckling. These loads were
selected so that the rate of strain redistribution could be eval-
uated as a function of the geometric parameters. The ordinate
in Fig. 6 is the membrane strain (the average of front and back

0.008

0.004 0.008
U / L

0.012

Fig. 5 Experimental load-end shortening results.

0.005

0.003
Average

Strain U/L

minus 0.002

Local
Membrane

Strain 0.001

Loads correspond
to 0.3% average
strain (U/L)
beyond buckling .

«•*— flange -»"< — web >< flange >•

Developed Cross-Section

Fig. 6 Strain redistribution due to buckling.
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strain-gage pairs), at some position in the developed cross
section, shifted by the average strain U/L as a reference value.
Thus, the plotted strains represent departures, due to buck-
ling, from uniform uniaxial membrane behavior. Specifically,
a strain of zero in the figure means that the actual strain at
that location is the same as the average value. The strain-gauge
data are from axial locations corresponding to antinodes of
the buckled stiff ener. Specimens Z4 and Z6 are compared first
to examine the effect of flange width. Buckling of the flanges
results in their being unloaded at the edges to approximately
the same degree. Specimen Z6 should have larger displace-
ments in the web since it is relatively less flange critical due to
its narrower flanges. This response is manifested by an un-
loading at the web center that is almost equal to that of the
flange-free edges. In contrast, the center of the web of speci-
men Z4 (with wider flanges) is unloaded to a lesser degree as
a result of buckling. The significant unloading of both speci-
mens at the flange-free edges results in the transfer of load to
the corner regions. Membrane strains in the corners are
slightly greater than the average values. The effect of web
width (31.75 mm vs 44.45 mm) is illustrated by specimens Z12
and Z4, respectively. The 31.75-mm-wide flanges of both
specimens again unload to approximately the same degree.
Here, however, the narrower web has greater bending stiffness
due to its smaller Bw/t ratio. It retains, therefore, much more
membrane stiffness than the wider web. The consequence of
the higher membrane stiffness is that less strain concentration
occurs in the corners, compared to specimen Z4. Finally, the
effect of thickness is shown by comparing the results for
specimens Z4 and Zl. The web and flange widths are 44.45
mm and 31.75 mm, respectively, for both specimens. Once
again, the flanges are unloaded to the same degree. In this
case, the lower Bf/t and Bw/t occur in specimen Zl due to the
greater laminate thickness. The thicker specimen retains more
membrane stiffness in the web and undergoes less strain con-
centration in the corners, although both effects occur to a
lesser degree than for the case of a reduced Bw/t due to a
narrower web, as shown by the results for specimen Z12. Note
that the Bw/t ratios for specimens Z4, Zl, and Z12 are 44, 22,
and 31, respectively. In comparing the effects of web width
and thickness on strain redistribution, it is apparent that the
former is more significant.

Crippling
The complex interaction between the overall structural de-

flections and the localized, material-induced deformation
makes crippling the most difficult of the response mechanisms
to characterize. Nominal crippling stresses can be related to
the normalized total width s/t. The nominal buckling and
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Fig. 7 Buckling and crippling stress summary.

Fig. 8 Shadow moire fringe patterns of flange for [ + 30/02/-30]5
specimen type Z8 at axial load: a) 11.1 kN; and b) 12.2 kN.

crippling stresses P/A of all specimens are plotted against s/t
in Fig. 7. Buckling occurs at low stresses for high values of
normalized total width s/t. The resulting redistribution of
strain and the reduction in stiffness caused by buckling limit
the ultimate or crippling stress to low values. As the normal-
ized total width decreases, the buckling stresses increase. Once
buckling occurs, however, the reduction in stiffness and the
redistribution of strain are more severe as discussed in the
previous section on postbuckling. Therefore, the increment in
stress between buckling and crippling is reduced, albeit the
absolute crippling stress is increased. In the absence of a
competing mode, the local buckling and failure stresses con-
verge as s/t is decreased. The figure also contains data from
Ref. 2 for the short-column material failure of a [ ± 45/0/90]25
AS4/3502 Z-section stiff ener with a 31.75-mm-wide web and a
19.05-mm-wide flange. The normalized width of this specimen
in the figure is reduced to the point where a material limit in
compression is reached before or simultaneously with buckling.

The precise failure mechanisms responsible for crippling
could not be isolated in general, due to the presence of second-
ary laminate damage caused by the load redistribution follow-
ing the primary failure event. Two failure mechanisms dis-
cussed in previous work on composite stiff ener crippling (e.g.,
Refs. 3, 4, and 7) are flange-free edge delamination and crush-
ing or material failure in the flange-to-web corner. A third
crippling mode is a transverse shear or skin rupturing mode,
which has been observed to occur at nodal positions in buck-
led plates.14 The crippling responses of the specimens in the
current work depend on the stacking sequence, and range
from flange-free edge delamination with essentially no fiber
fractures to localized failure in the corner regions with no
free-edge delamination. Failure in the [ + 30/02/ - 30]5 speci-
mens occurred near the flange-to-web corners at antinodes of
the buckled mode shape. The shadow moire fringe patterns on
the flanges of these specimens were distorted into a series of
chevron-like shapes, as shown in Fig. 8a. The midpoints of
these chevrons form the locus of points defining the location
of the antinode over the width of the flange. The pointedness
of the fringes indicated the presence of large bending curva-
ture along the antinode. Surface ply cracking transverse to the
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a)

Fig. 9 Shadow moire fringe patterns of flange for [ ± 45/0/90]25
specimen type Zl at axial load: a) 49.0 kN, and b) 53.2 kN.

fiber direction occurred along the antinode near the flange-to-
web corner, as shown in Fig. 8b. The distortion of the fringe
pattern is indicative of twisting of the section. Numerical
postbuckling analyses performed with and without the bend-
ing-twisting coupling that is present in this laminate indicate
that the distortion of the mode shape is due to this coupling.
The numerical analyses further predict tensile matrix stresses
in the surface plies exceeding twice a nominal strength of 51.7
MPa.15 Strain gauges also detected the presence of large trans-
verse tensile strains in the corners. These strains are a conse-
quence of the low bending stiffness for this stacking sequence
in the transverse direction. Flange-free edge delamination was
only observed in the [ + 30/02/ - 30]5 specimens with the
smallest flanges. These observations indicate that failure in
these specimens was precipitated by local failure in the corners
due to in-plane shear and/or matrix cracking.

Failure of specimens fabricated from the 16-ply quasi-
isotropic laminate was dominated by flange-free edge delami-
nation. Some specimens exhibited only this delamination, with
no fiber fractures. The shadow moire fringe patterns did not
indicate the presence of twisting (Fig. 9a). Less twisting would
be expected in this case since the D^6 and D2e are only 6% of
Z>n, in contrast to the [ + 30/02/ - 30]5 specimens where £>16 is
21% of D\\. Failures occurred in both nodal and antinodal
axial locations. A nodal crippling mode is illustrated in Fig.
9b. The numerical postbuckling analyses for the [ ± 45/0/90]25
specimens predict a less severe in-plane stress state at crip-
pling, with stresses rarely exceeding nominal strength values.
The nature of the crippling damage and the stress analyses
indicates that failure of the [ ± 45/0/90]2s specimens was dom-
inated by the out-of-plane stress state.

The failure of the eight-ply quasi-isotropic specimens in-
cluded the features of both flange-free edge delamination and
local failure in the corners. Delamination was more prevalent
in the specimens having smaller flanges. Corner crushing was
more prevalent in specimens with larger flanges. An interme-
diate amount of twisting was observed, compared to the other
two laminates. The Di6 and D26 are 16% of Dn for the
eight-ply quasi-isotropic laminate. Significant variability in
the extent of the postbuckling responses among replicate spec-

imens was also observed. The range of end shortening values
at crippling was 50% of the average value among geometries
Z4 and Z5.

Concluding Remarks
The buckling, postbuckling, and crippling of Hercules,

Inc., AS4/3502 graphite-epoxy Z-section stiffeners have been
discussed in the context of scaling considerations. The ap-
proach to scaling used in this investigation has been to evalu-
ate the behavior relative to known mechanics models, as one
or more of the geometric and material variables were varied.
This approach is in contrast to the more traditional approach
of using dimensional analysis to produce a series of experi-
ments in which all parameters are scaled simultaneously. Two
nondimensional parameters have been identified from an ana-
lytical model which normalize the buckling data. One parame-
ter normalizes buckling data for various web widths only. The
other parameter normalizes data for various web, flange, and
thickness dimensions, and stacking sequences and material
systems. The agreement between the analytical and experimen-
tal buckling loads is generally good. The agreement degrades
as the flange-to-web width ratio is reduced and as the section
corner radius is increased, since the actual finite radius corners
represent a departure from the right-angle corners assumed in
the analytical model. The actual corners constitute an increas-
ing portion of the cross section as the flange-to-web width
ratio is reduced and as the corner radius is increased. The
variation in the agreement between the analytical and experi-
mental results with the flange-to-web width ratio and the
corner radius is therefore not a scale effect per se, but the
result of a deficiency in the model being used to judge the
behavior. Buckling results in load redistribution across the
cross section. The flange-free edges and web centers typically
unload, with strain being concentrated in the nominally
straight, unbuckled corner regions. The severity of this redis-
tribution increases as the flange-to-web width ratio decreases
and as the web width-to-thickness ratio increases. Crippling
stresses are correlated with the ratio of the total cross section
centerline width to the section thickness. Buckling stresses
decrease, but the increment in stress between buckling and
crippling increases as the total width normalized by the thick-
ness increases. Buckling and crippling stresses converge as the
normalized total width decreases. The crippling mechanisms
depend on the stacking sequence and include flange-free edge
delamination and local failure in the flange-to-web corner.
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