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Abstract

This paper addresses the effects of a cutout on the buckling and postbuckling
behavior of rectangular plates made of advanced composite materials. An overview of
past research is presented, and several key findings and behavioral characteristics
are discussed. These findings include the effects of cutout size, shape, eccentricity,
and orientation; plate aspect and slenderness ratios; loading and boundary condi-
tions; and plate orthotropy and anisotropy. Some overall important findings of these
studies are that plates that have a cutout can buckle at loads higher than the buckling
loads for corresponding plates without a cutout and can exhibit substantial postbuck-
ling load-carrying capability. In addition, laminate construction, coupled with cutout
geometry, offers a viable means for tailoring structural response.

Introduction One objective of the present study is to describe the
results of research that has been conducted on the buck-
Two research topics of great practical importance areling and postbuckling behavior of rectangular composite
the buckling behavior and the postbuckling behavior of plates that have a cutout. Another objective is to describe
thin plates that have a cutout and are made of advancedeveral of the key behavioral characteristics and trends in
composite materials. For example, composite plate-likea coherent manner. To achieve this goal, the present
subcomponents that have a cutout are being considere@aper is structured as follows: Nomenclature is estab-
for use in many types of aerospace structures because dished for concisely describing plate geometry, loading
their high stiffness-to-weight and strength-to-weight conditions, and support conditions. An overview of past
properties. These properties could ultimately yield sub-research is presented that identifies the analytical
stantial weight savings for aircraft structures. approach that is used and then describes what particular
_ . _ aspects of the behavior were investigated. For conve-
The need for a cutout in a subcomponent is typically pience, the primary studies conducted on buckling and
required by practical concerns. For example, cutouts inpostbuckling behavior are also summarized in tables 1
wing spars and cover panels of commercial transportand 2, respectively. Next, several key findings on the
wings and military fighter wings are needed to provide pyckling and postbuckling behavior of composite plates
access for hydraulic lines and for damage inspection. Inthat have been identified since the early 1970's are
some applications, these structural elements are requiredescribed and discussed. Several subsections are
primarily to resist buckling, and in other cases they mustjncjuded that address specific issues such as the effects of
carry a load well into the postbuckling range in order to cytout shape and plate anisotropy. Last, some closing

and postbuckling behavior is needed for their design.

Plate-like subcomponents come in many forms suchPrObIem Description and Terminology

as an annular plate or a rectangular plate that has a circu- 1o describe concisely the wide range of results
lar cutout. The present study focuses on rectangularpiained since the early 1970's, it is necessary to estab-
plates that have a single unreinforced cutout. Developingjish some convenient parameters and terminology for

a thorough understanding of the behavior of this subcom-gescriping plate geometry, loading and boundary condi-
ponent is a fundamental step toward understanding thgjons, and material composition.

behavior of complex structures with cutouts such as air-
plane wing ribs. Knowledge of the basic response of the
subcomponent provides useful information for the pre-
liminary design of complex structures. In addition, this A rectangular plate that has a centrally located ellip-
basic knowledge provides valuable insight into modeling tical cutout is shown in figure 1. The plate has lerigth
complex structures with general purpose finite elementand widthW, and the plate aspect ratio is defined AY.
codes, a step that takes place at a later phase in the desi@milarly, the plate has a nominally uniform thicknéss
process. Furthermore, knowledge of the subcomponentaind the plate slenderness ratio is definedVés The
response is very useful for identifying erroneous resultslengths of the major and minor axes of the elliptical cut-
that may be obtained because of improper finite elementout shown in figure 1 are defined herein cagnd h,
modeling. respectively. The elliptical cutout aspect ratio is defined

Plate Geometry and Laminate Notation



Table 1. Primary Studies Conducted on Buckling Behavior of Plates With a Cutout

Plate shape

Cutout shape

Loading type

Laminate type

Boundary condition type

Authors
(a)

Square

Rectangula

Circular

Square

Other

Compressior Shear

Other

Orthotropid Anisotropic

supporte(

Simply

ClampedOther

Martint

X

X

X X

X

Knauss, et &l

X

X

Ter-Emmanuiliad

Hermar?

Nemeth, et af;":918

Marshall, et af-9-11.16.11

Vandenbrink, et at*1°

Marshall, et al®

Larssor®

Turvey, et af!

Yasui and Tsukamufa

X | X | X[ X| X[ X]|X

Turvey, et af?

Nemettf42531

x

Lee, et af®

Lin and Kud’

X|IX | X[ X|X|X|X|X|X]|X]|X

Hyer and Charett@

XX | X[X|X[X|X|X|X|[X]|X|X

Horn and Roul®30

X | X | X[ X]|X

Owen and Klangf33

x

Rousé*

XX X|X|X|X|[X|X|X|[X|X|[X]|X|X|X]|X

Vellaichamy, et af®

Chang and Shiz8

X | X | X[ X]| X[ X]|Xx

Yasur8

Chen, et af?

X | X | X[ X

Lee and Hyef041:42

Ram and SinHs

Srivatsa, et af*

Jones and Klarfg4®

XXX [X]IX[IX[IX|X|X[X|X[X[X|X|X[X]|X[X[X]|X]|X|[X]|X|[X]|[X

X | X | X | X

Britt*’

X

X

X | X | X[ X| X|X]|X|[X

X | X | X[ X]|X|[X

XX | X[ X | X[ X|X|X]|X

X | X | X[ X

aSuperscripts are reference numbers.

Table 2. Primary Studies Conducted on Postbuckling Behavior of Plates With a Cutout

Plate shape

Cutout shape

Loading type

Laminate type

Boundary condition type

Authors
(a)

Square

Rectangula

Circular

Square

Other

Compressior Shear

Other

Orthotropid Anisotropic

supporte(

Simply

ClampedOther

Martint

X

X

X

X X

X

Hermar?

X

Vandenbrink, et at*1°

Marshall, et al®

Larssor?

Nemett#!

X[ X | X |[Xx

Horn and Roulf?30

X | X[ X]|X|X

Rousé*

X | X[ X | X[ X|[XxX]|X

Lee and Hyeth42

X

X | X | X[ X]| X|X]|X|X

aSuperscripts are reference numbers.
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Figure 1. Geometry and dimensions of a plate with a centrally located elliptical cutout.

ash/d. In addition, the orientation of the principal axes of different deformation states. These deformation states
the cutout is defined by the angleas shown in figure 1.  are associated with the application of displacement or
For the degenerate case of a circular cutout, the paramestress boundary conditions to introduce the loads.

ter used herein to define cutout size is the cutout

diameter-to-plate-width ratid/\W. The compression loads are applied to a plate by

either uniformly displacing or uniformly stressing

Several studies that are discussed address platesvo opposite exterior plate edges, as illustrated in
made from specially orthotropic materials. For these figure2. These loading cases are referred to herein as
plates, the ratio of their apparent major-to-minor princi- displacement-loading and stress-loading cases, respec-
pal elastic moduli is defined herein Bg/E,. For lami- tively. Equivalently, a compression-loaded plate is
nated composite plates, the fiber orientation angle of areferred to as displacement loaded or stress loaded. The
ply is indicated by in figure 1. The ratio of the apparent shear loadings are applied to a plate in an analo-
major-to-minor principal elastic moduli for an individual gous manner; i.e., a distinction is also made between
ply is defined herein ag;/E,. A laminate with all its  displacement-loaded and stress-loaded plates. For a shear
fibers oriented in the sanabitrary direction is referred  stress-loaded square plate, a uniform shear traction (such
to herein as a unidirectional off-axis laminate. When as pure shear) is applied to the exterior plate edges, as
an angle designation is given for these laminates, it illustrated in figure 3. For a corresponding displacement-
alsocorresponds t® (fig. 1). Symmetrically laminated loaded square plate, a displacement field is imposed so
plateswith negligible anisotropy are referred to as quasi- that the exterior edges remain straight as the planform
orthotropic plates. of the plate deforms into a parallelogram, as shown in
figure 3.

Loading Conditions The compression and shear displacement loadings

The loading conditions discussed herein are prima-are particularly important because they are representative
rily uniaxial compression and shear loads. Some resultsof the load transmission that occurs between a plate-like
are also given for biaxial compression, biaxial tension- subcomponent and an adjacent support structure that has
compression, and combined tension or compression and much higher relative in-plane stiffness. If a plate does
shear loads. For a plate with a cutout, there are differenhot have a cutout, the distinction between displacement
ways of applying these loads that generally correspond tcand stress loadings is unnecessary.
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Figure 2. Loadingnodes and prebuckling deformation shapes for compression-loaded square plates with a large central circular cutout
(A indicates the applied displacement magnitude).
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Figure 3. Loading modes and prebuckling deformation shapes for shear-loaded square plates with a large central cirQuliadaatas (
the applied displacement magnitude).



Boundary Conditions tral circular cutout. Displacement-loaded quasi-isotropic
and quasi-orthotropic plates with either 24 or 48 plies
and with cutout sizes up WW = 0.3 were investigated.
The loaded edges of the plates were clamped into a test
fixture, and the unloaded edges were supported by knife
edges that were intended to simulate simply supported
r;?dges.

The boundary conditions discussed herein fall into
two categories: in plane and bending. The in-plane
boundary conditions on the loaded edges are known fro
the applied loading. On an unloaded edge, several possi
bilities for boundary conditions exist. In the present
study, two cases are considered. In the first case, al
unloaded edge is free to deform in plane and is referred  p survey of buckling studies, conducted for the most
to as a moveable edge. In the second case, movement fart in eastern Europe, was presented by Preobrazhenskii
the unloaded edge is restrained in the direction normal toef. 3 in 1980. The earliest work pertaining to compos-
the edge but is free to expand or contract longitudinally. jte plates mentioned in this paper is work on specially
This boundary condltlor_1 is referred_ to as an immovable orthotropic square plates with a central square cutout
edge. In all cases considered herein, the unloaded edgepyplished by Ter-Emmanuilian (ref. 4) in 1971). In this

of a plate are considered to be moveable edges unlesgarly paper, compression buckling of a stress-loaded
otherwise indicated. plate was investigated. The plate that was investigated is

The bending boundary conditions that naturally Simply supported on the loaded edges and free on the
receive the most attention in the studies described arg!nNloaded edges such that the plate buckles as a wide col-

placement normal to the plate is zero valued. In addition,Prebuckling stress distribution is neglected.
the out-of-plane rotation O.f a material line e'e”.‘e”t Herman (ref. 5) presented in 1982 what appears to be
normalttt()j a(;:lamf)hed edge is z?rof\;ﬂlu%d. I;or a simply he first investigation of the buckling and postbuckling

supported e€dge, the component ot the bending MOmenh ey, iqr of shear webs with a central circular cutout.

vector that is tangent to the plate edge is zero value his study investigated square displacement-loaded
suchthat the plate support is analogous to a frictionless

hi Plates that impl red | q IIplates withd/W = 0 and 0.45 that were made from a
INge.Flates that are Simply Supported or clamped on aj;raphite—epoxy cloth. Analytical results were obtained

edges are referred to COOC'Sely as simply Supportgd andor six test specimens by using the finite element method.
clamped plates, respectively. In all cases considere

herein, the cutout boundary is a free edge. In 1983 Nemeth and his colleagues (refs. 6 and 7)
_ presented an approximate analysis for buckling of rectan-
Overview of Past Work gular compression-loaded specially orthotropic, quasi-

isotropic, and quasi-orthotropic plates with a centrally

Martin (ref. 1) published in 1972 what appears to be located cutout. The special purpose approximate analysis
among the first studies of the buckling and postbuckling is based on the Kantorovich (ref. 8) variational method.

behavior of square uniaxial compression-loaded compos-,

ite plates that have a cutout. An approximate postbuck—FgLOeVrVT']g%ttzgri:gpgfgcl?s'egnfi?q?;gallye;?é}z:;s'b:ﬁ_dl':;]e
ling analysis was derived for stress-loaded anisotropicp P g In-p

. : “displacements and the out-of-plane buckling displace-
plates that have a central circular cutout and simply sup ment with a prescribed distribution across the plate width

orted edges. The anisotropy included in the analysis : R
gccounts f%r coupling betwegx pure bending and ex¥en—and an undetermined distribution along the plate length.

sion and between the twisting and shearing modes of The variational formulation of the prebuckling and buck-

plate. The analysis is based on the Rayleigh-Ritz methogmg problems are converted into systems of ordinary

in which the double integrals over the doubly connectedd'fferem'"JlI equations that were solved by using the

region are integrated numerically. Experimental and ana_gzggﬁ:gﬁazqgeun?;igﬁdét;[ar]ses-lﬁgsgjlzncljs ditsalllgrceedm(te?lt-
lytical results were obtained for several square glass- y P

epoxy symmetric and unsymmetric laminates with cutout E(?d:éj ;)rl%te; ttr:?rt 2{:;'23'3&32?50?(32“0” é?&gné%agﬁg
sizes up ta/W = 0.5. Moreover, analytical results were Ioa%ed edaes. The unlogded ed espa)?e m%%eled as move-
obtained for several unsymmetric laminates made of ges. 9

boron-epoxy material. The analytical and experimental able.edges, and the cutout shape IS restrlctgd to b.e Sym-
results appear to be in good agreement metrical across the plate width but is otherwise arbitrary.

Additional documentation of the analysis and a corre-

In 1978 Knauss, Starnes, and Henneke (ref. 2) pre-sponding computer program were presented in 1984
sented an experimental investigation of the buckling (ref.9). Parametric studies were also presented in
behavior and failure characteristics of compression-references 9 and 10 that predict the effects of cutout
loaded rectangular graphite-epoxy plates that had a censize,plate aspect ratio, compressive loading conditions,
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bending boundary conditions, and plate orthotropy on thespecially orthotropic graphite-epoxy plates that have a
buckling behavior. central circular cutout. Results obtained from the approx-

. imate analysis, the finite element analyses, and the corre-

In 1984 and 1985 Marshall, Little, and El Tayeby_sponding experimental results were presented for cutout
(refs. 10 and 11) presented an analytical and experiizmeters up to/W = 0.7. The approximate analysis was
mental |r_1ves|t|gzt|c(;n cr)]f the buckllngl beTaV'Or _Or: shown generally to yield good approximations to the pre-
compression-loaded orthotropic rectangular plates With &y, jing stress distributions obtained from finite element

central cw_cular cutout. Approximate analytical _resu!ts analyses and generally to be in good agreement with the
were obtained for displacement-loaded plates with S'm'buckling loads obtained from corresponding finite ele-

ply s_upported_edges by using_ the Rayleigh-R_itz metho_d.rnent analyses and from experiments
In this analysis, the prebuckling stress field is approxi-

mated by the statically determinant Kirsch (ref. 12) solu-  An interesting study was presented by Marshall,
tion for an infinite sheet with a circular cutout. In Little, and El Tayeby (ref. 19) in 1987 of the membrane
addition, the buckling mode is approximated by a single stress distributions in simply supported rectangular glass-
trigonometric term and a decaying exponential term andepoxy plates that are loaded in compression. Analytical
is similar to the mode shape used by Kumai (ref. 13) forand experimental results for displacement-loaded square
isotropic plates. Experimental results were obtained forplates were presented that show the effects of circular
simply supported glass-epoxy square plates without acutout size, plate orthotropy, and load level on the pre-
cutout and with seven cutout sizes uplte/=0.7. The buckling and postbuckling stress distributions. The ana-
analytical and experimental results appear to be in goodytical results were shown to predict accurately the
agreement, especially for the cutout sizes aithi < 0.5. observed experimental trends.

In 1985 VandenBrink and Kamat (refs_ 14 and 15) In 1987 Larsson (ref. 20) presented results for buck-
presented buckling and postbuckling results for squareling and postbuckling behavior of square specially ortho-
compression-loaded symmetric angle-ply plates with atropic plates that are loaded in compression and have a
central circular cutout. Finite element results were central circular cutout. More specifically, finite element
obtained for stress-loaded and displacement-loadedesults were obtained for uniaxial and biaxial stress-

graphite-epoxy plates with simply supported edges andloaded plates with cutout sizes updidV = 0.6. Results
cutout sizes up td/W= 0.6. were presented that predict the effects of biaxial loading

ratio, orthotropy, and cutout size on the buckling load

In 1986 Marshall, Little, EI Tayeby, and Williams and postbuckling stiffness. Selected results were also
(ref. 16) presented results for buckling of specially ortho- presented that illustrate the difference in buckling
tropic rectangular plates with a longitudinally eccen- pehavior for stress-loaded and displacement-loaded

tric circular cutout. A 3-parameter Rayleigh-Ritz solu- clamped and simply supported plates with a high degree
tion was obtained for compressive displacement-loadedof orthotropy.

plates with simply supported edges by following the )

same analytical approach presented in references 10 [N 1987 Turvey and Sadeghipour (ref. 21) also pre-
and11. Experimental results were obtained for squareSentéd buckling results, which were obtained by using
glass-epoxy plates wit/W=0.3 and 0.5, with cutout & spemal_ purpose finite eler_ne_nt program ta_ulored for
eccentricity values up to nearly 10 percent of the plateParametric studies, for uniaxial compression-loaded

width. The analytical and experimental results appear toPlateswith a central circular cutout. In particular, square
be in good qualitative agreement. stressloaded unidirectional off-axis laminates made of

graphite-epoxy or glass-epoxy material were investi-
Numerous experimental results for buckling of sim- gated. Results were presented that predict the effects of
ply supported rectangular composite plates with a centralthe laminate orientation, cutout size, and bending bound-
circular cutout were also presented by Marshall, Little, ary conditions (simply supported versus clamped) on the
and El Tayeby (ref. 17) in 1986. Analytical results based buckling load.

on the analysis that is briefly described in references 10
4 y Yasui and Tsukamura (ref. 22) published analytical

and 11 are in good qualitative agreement with the experi-
d q J P studies in 1988 of the compression buckling behavior of

mental results. The analytical and experimental results ) | | | h impl
also show the effects of cutout size, orthotropy, and plateSYMMetric cross-ply rectangular plates that are simply

aspect ratio on the buckling behavior of simply supportedsuPported and have either a central circular cutout or a
plates. central square cutout. Stress-loaded plates made of either

graphite-epoxy or glass-epoxy material were investi-
Nemeth, Stein, and Johnson (ref. 18) summarizedgated, and finite element results were obtained in which

the approximate analysis presented in references 6, 7an automatic mesh refinement capability was used. Mesh

and 9 and gave additional analytical results for squarerefinements were carried out in both the prebuckling and
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buckling phases of a solution. Results that predict the A buckling-behavior study of square laminated com-
effects of cutout sizeshape, and plate aspect ratio on the posite plates, each with a central circular cutout, was pre-
buckling load for the two types of orthotropic materials sented by Lin and Kuo (ref. 27) in 1989. Finite element
were presented by Yasui and Tsukamura. results were obtained for clamped and simply supported
) ) stress-loaded plates loaded by either uniaxial compres-
Also in 1988 Turvey and Sadeghipour (ref. 23) pre- gjon piaxial compression, or tension-compression biax-
sented a study of shear buckling of square graphite-g| |pading. Results were presented that predict the
epoxy and glass-epoxy plates with a central circular gffects of cutout size, lamina modulus raBgE,, load-
cutout. In this study, simply supported and clamped uni-i,g conditions, bending boundary conditions, plate slen-
directional off-axis laminates were investigated. Finite gerness ratio, and laminate stacking sequence on the
element results were obtained that predict the effects Ofbuckling load. In particular, antisymmetric cross-ply and

cutout size, anisotropy, and bending boundary conditionsyngle-ply plates and symmetric angle-ply plates were
on shear buckling of stress-loaded plates. Results werg,yestigated.

also obtained for clamped H45),]5 graphite-epoxy
square plates with cutout sizes updi®V=0.6. These Hyer and Charette (ref. 28) studied the use of
results illustrate the effect of the shear-loading mode oncurvilinear fiber geometry in laminate construction of
the buckling behavior; i.e., results are compared for graphite-epoxy composite plates that have a central cir-
shear-stress-loaded plates, for shear-displacement-loadecllar cutout. Uniaxial tensile and compressive stress-
plates, and for shear-stress-loaded plates with the addiloaded plates with /W =1 and 2 were examined. Buck-
tional constraint that one pair of opposite edges remainling results were obtained from finite element analyses of
straight during deformation. square simply supported plates for several conventional
) straight-fiber format and curvilinear-fiber format stack-
Nemeth (refs. 24 and 25) presented a study in 1988,q sequences. All stacking sequences that were consid-

of the buckling behavior of.rectangular symmetric angle- grgq correspond to slightly anisotropic laminates.
ply plates with a central circular cutout. Both compres-

sion stress-loaded and displacement-loaded graphite- In 1990 Horn and Rouhi (refs. 29 and 30) presented
epoxy plates were investigated. Analytical results experimental investigations of the buckling and post-
obtained from the approximate analysis described in ref-buckling behavior of compression-loaded laminates with
erence 9 and experimental results were presented foa central circular cutout. Sixty 16-ply thermoset and ther-
several displacement-loaded plates with cutout sizes upgmoplastic square displacement-loaded laminates were
to d/W=0.66. The loaded and unloaded edges of thesetested for two slightly anisotropic stacking sequences and
plates were clamped and simply supported, respectivelyfor cutout sizes up td/W = 0.7. The test specimens were
The analytical results are generally in good qualitative clamped on the loaded edges and simply supported on
agreement with the experimental results and accuratelyjthe unloaded edges.

predict the response trends. Finite element results were )

also presented that predict the effects of cutout size on ~ Nemeth (ref. 31) also presented an experimental
the importance of the bending anisotropy of the plates. Ininvestigation in 1990 of the buckling and postbuckling
addition, results of a parametric study that was per-Pehavior of square compression-loaded graphite-epoxy
formed by using the approximate analysis were also Ioreplates with a centra'l C|rcular'cutout. Resulj[s were pre-
sented. These results predict the effects of bendingSented for pathological specially orthotropic laminates
boundary conditions (loaded edges that are clamped oMith extreme degrees of orthotropy and for symmetric
simply supported and unloaded edges that are simplya”9|e_'9|_y plates. Buc!<l|ng Igads, prebuckling stlffnesses,
supported), cutout size, compression-loading type, platea”d initial postbuckling stiffnesses were obtained for

orthotropy, and plate aspect ratio on the buckling displacement-loaded plates with cutout sizes up to
behavior. d/W=0.66. The test specimens were clamped on the

loaded edges and simply supported on the unloaded
Lee, Lin, and Lin (ref. 26) presented a study in 1989 edges. Actual load versus end-shortening and load versus
of the buckling behavior of compression-loaded squareout-of-plane deflection curves that were obtained for
plates with a central circular cutout. Finite element each specimen were presented that graphically illustrate
results were obtained for uniaxial and biaxial stress-the effects of cutouts on the prebuckling and postbuck-
loaded plates with either clamped or simply supportedling load-carrying capacity of the plates. Furthermore,
edges. Specially orthotropic plates WitfyE, = 0.1, 0.5, buckling mode shapes obtained from shadow moiré
2, and 10 were investigated. Results were presented thahterferometry were presented that illustrate visually the
indicate the effects of cutout size, bending boundary con-effects of cutout size and laminate stacking sequence on
ditions, compressive loading conditions, and the degreethe distribution of gradients in the out-of-plane displace-
of orthotropy on the buckling behavior. ment field.



Also in 1990 Owen and Klang (refs. 32 and 33) pub- Sadeghipour (ref. 37) presented some additional
lished a special purpose analysis for shear buckling ofdetails about the special purpose computer program pre-
symmetrically laminated rectangular plates, each with aviously described in references 21 and 23 for buckling
centrally located elliptical cutout. The prebuckling stress analysis of plates with a cutout. Some of the results pre-
analysis is based on the complex variable formulationsented previously in reference 23 were also discussed.
of plane elasticity with boundary collocation and
accounts for anisotropy in the form of shear-extensional

coupling. The buckling analysis is performed by using - ; : 4
the Rayleigh-Ritz method in which the double integrals of laminated composite plates with a central circular cut-
.out that has been obtained by using the finite element

over the doubly connected region are integrated NUMeT  ethod. Results were presented in this study for rectan-

cally. In addition, the buckling analysis accounts for ; : )
anisotropy in the form of bending-twisting coupling gular specially orthotropic plates and for symmetric
- cross-ply and angle-ply laminates loaded in compression.

Buckling results were obtained for several stress- The svmmetric anale-olv laminates that were investi-
loadeasquare plates with simply supported edges. These ated )\/Nere assumgd t%yhave negligible bending anisot-
results are for specially orthotropic plates with extreme 9 99 9

degrees of orthotropy and with circular cutout sizes up toOPY- Laminates ”.‘ade from_ elthgr graphite-epoxy or
d/W=0.5. In addition, results were obtained for several glass-epoxy materials were investigated, and both uni-

corresponding symmetrically laminated plates with rela- %ﬂamle?ggsbrgﬁss\kfr?gggﬁg dptlr?;?ssr:,\cl) (\e/\:eth((:gogfsff;;egf
tively low degrees of bending anisotropy. The analytical

results were compared with results from correspondingCUtOUt size, plate aspect ratio, plate orihoiropy, and load-

finite element analyses and are in good agreement. g}gtecsondmons on the behavior of simply supported

In 1991 Yasui (ref. 38) presented what appears to be
the first in-depth parametric study of buckling behavior

In 1990 Rouse (ref. 34) presented an experimental A study of the thermal buckling behavior of square
investigation of the buckling and postbuckling behavior antisymmetric cross-ply laminates with a central circular
of square graphite-epoxy and graphite-thermoplasticcutout was presented by Chen, Lin, and Chen (ref. 39) in
plates loaded in shear. Thirty-eight specimens consistingl991. Results for simply supported plates loaded by a
of seven different slightly anisotropic laminate stacking temperature distribution that is uniform through the plate
sequences were investigated. Many of the specimens hathickness and either uniformly distributed over the plate
a circular cutout, and cutout sizes updf@V = 0.5 were surface or linearly varying across the plate width and uni-
investigated. form along the plate length were obtained. The finite ele-

ment results include transverse shear deformation and

Vellaichamy, Prakash, and Brun (ref. 35) investi- predict some of the effects of cutout size, plate slender-
gated optimizing laminate stacking sequence and ellipti- ness ratio, lamina modulus ratg/E,, and lamina ther-
cal cutout shape to improve prebuckling strength without mal expansion coefficient ratia;/a, on the buckling
degrading the buckling resistance of a plate. Simply sup-behavior.

E_ortt_ad square plates I_oaded by various combinations of Hyer and Lee (ref. 40) also presented a study in 1991
iaxial tension and uniform edge shear stress were con-

. . . o -~ on using curvilinear fiber orientation to improve buck-
sidered. Laminate constructions were limited to graphlte-Iin resistance of square comoression-loaded plates with
epoxy plies oriented at°p45’, or 90 with respect to 9 g b P

the edaes of the blates: these laminates are sliahtlv® central circular cutout. Displacement-loaded graphite-
anisotr%pic P ' 9 yepoxy plates wittd/W=0.33 and simply supported on

all edges were investigated. The basic approach of this
work for obtaining practical laminate designs is to dis-

. . cretize the plate into groups of finite elements that are
results of a study of the thermal buckling behavior of amenable to manufacturing techniques for curvilinear

square 'simply suppqrted antisymmetric_angle-ply plates’fiber placement. The fiber orientation within each group
each with a central circular cutout. In this case, the Ioad-mc clements is input as a design variable in a gradient
Ing 15 mduqed into a plate by ponstramed m-plan'e ther'search algorithm, and the buckling load is maximized.
mal expansion caused by a uniform temperature rise. TheResuIts are presented that suggest significant improve-

“?S“'ts presented in this study were obtained by using dnents in buckling resistance may be possible by using
higher order plate theory that mclqdes the effects .Ofcurvilinear fiber geometry in laminate construction
transverse shear and through-the-thickness deformation. '

Finite element results were obtained that predict the In 1992 Lee and Hyer (refs. 41 and 42) presented
effects of fiber orientation, laminate stacking sequence,experimental and analytical studies of the postbuckling
number of plies, cutout size, and plate slenderness ratidoehavior of conventional laminated plates with a central
on the critical temperature. circular cutout that are loaded in uniaxial compression.

Also in 1990, Chang and Shiao (ref. 36) presented
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This work focuses on the behavior of squgraphite- plates, compressive displacement-loaded plates, and
epoxy plates withd/W = 0.3 and examines the behavior shear stress-loaded plates.

of four different 16-ply laminate stacking sequences

composed of Q 9C°, and+45° plies. The plates were dis- Britt (ref. 47) presented results in 1993 of a paramet-
placement loaded with the loaded edges clamped and th&c study of the buckling behavior of clamped and simply
unloaded edges simply supported. Finite element analy-Supported rectangular plates with a central circular or
ses were conducted, and failure predictions were giverglliptical cutout. The results were obtained by using the
based on the maximum-stress failure criterion andanalysis presented in references 32 and 33. Results were
included the effects of interlaminar shesresses. Ana- Obtained that predict the effects of circular cutout size
lytical predictions of laminate failure were specified to and plate aspect ratio on the buckling loads of several
occur whenever a fiber failure or intralaminar shear fail- Symmetric angle-ply plates and one type of quasi-
ure occurred during loading. This approach was shown toisotropic plate. Each laminate considered exhibits a

be in good agreement with the experimental data in someslight degree of anisotropy. Moreover, these results cor-
cases. respond to uniaxially compression-loaded plates and

shear-loaded plates in which the loadings are applied as

In 1992 Ram and Sinha (ref. 43) presented a briefuniform edge stresses. Buckling interaction curves were
note on the buckling behavior of square graphite-epoxyalso obtained for combinations of these two loading con-
plates with a central circular cutout that are subjected toditions that are applied to square plates with a circular
hygrothermal loads. Results of finite element analyses,cutout. Results also were obtained that predict the effects
including transverse shear deformation, were presentedf elliptical cutout aspect ratio and orientation (the prin-
for [(0/90)]s and [¢45),]1 graphite-epoxy plates. The cipal axes of the ellipse are rotated relative to the plate
results predict some of the effects of moisture concentra-2xes) on the buckling load of square plates loaded in
tion, cutout size, plate slenderness ratio, and bendingcompression, shear, or combined compression and shear.
boundary conditions (simply supported or clamped) on
the buckling response. Buckling Behavior Results

Srivatsa and Krishna Murty (ref. 44) presented a The studies previously described herein contain
parametric study in 1992 of the compression buckling numerous results. Many key findings of these studies are
behavior of stress-loaded composite plates with a centrapresented in this section. First, some of the known gen-
circular cutout. Results were obtained from finite ele- eral behavioral characteristics of square compression-
ment analyses based on classical laminated plate theoripaded isotropic plates are discussed. Similarly, some
for square graphite-epoxy plates. Moreover, results werediscussion of the general behavior of square shear-loaded
presented for quasi-isotropic and symmetric angle-ply plates is also given. These brief discussions are intended
plates that show the effects of cutout size, fiber orienta-to provide insight into composite plate behavior that will
tion angle, and bending boundary conditions on the be discussed subsequently. Next, some key findings for
buckling behavior. The bending boundary conditions that compression-loaded and shear-loaded composite plates
were studied include all edges clamped, all edges simplyare described. Also presented are sections that focus on
supported, and the two permutations in which two oppo-the effects of plate aspect ratio; cutout shape, eccentric-
site edges are clamped and the other two edges are sinity, and orientation; combined loading conditions; bend-
ply supported. ing boundary conditions; plate anisotropy; thickness

effects; and unconventional laminate construction.

Also in 1992 Jones and Klang (refs. 45 and 46) pre-
sented an extension of the analysis given in references 32 genhayioral Characteristics of Square Plates
and 33. Their extended analysis incorporates a strategy
for exploiting problem symmetry to reduce the computa- A basic characteristic of compression-loaded square
tional effort needed to integrate numerically the potential isotropic plates with a large cutout that is somewhat
energy density. Moreover, the analysis was extended tacounterintuitive at first glance is that, under certain cir-
include elastic rotational restraints on the outer edges of a&sumstances, they exhibit higher buckling loads than cor-
plate in which opposite edges of a plate are equallyresponding plates without a cutout. This behavior has
restrained. Results were obtained for several symmetricheen studied for many years and has been experimentally
laminates of practical importance and for 3Midirec- verified for isotropic plates (e.g., see refs. 48-51). As
tional off-axis laminates that are highly anisotropic. a result of this unusual behavior, two fundamental
Many results were obtained that predict the effects of effects of cutouts have been identified that significantly
central circular cutout size and rotational edge restraintinfluence the buckling behavior of compression-loaded
on the buckling loads of compressive stress-loadedplates.



The first effect deals with the plate bending stiffness. Behavior of Compression-Loaded Square Plates
Inherently associated with a centrally located cutout is a ) :
The compression-loaded square plate with a central

loss in bending stiffness in the central region of a plate .
that grows in importance as the cutout size increases.c'rCUIar cutout has been the focus of most of the research

When a substantial portion of the axial prebuckling load onducted on composite plates with a cutout. Martin

path is centrally located, the bending stiffness in the cen-"€f-1) investigated the buckling behavior of square
tral region of the plate is of paramount importance to stress-loaded plates that have a central circular cutout

buckling resistance. Intuitively, the increase in loss of &1d simply supported edges. The basic effects of cutout
bending stiffness caused by increase in cutout size yield$12€ Were examined for [945/90k, unidirectional 0,

a reduction in buckling resistance. and [¢45)]r glass-epoxy plates. Analytical and experi-
mental results for these plates show that the buckling

The second effect deals with the prebuckling load load generally decreases monotonically with increasing
path. When a large cutout is present in a stress-loadedutout size. For a plate with cutout sizes ug/wy = 0.5,
isotropic plate, the axial load path is, for the most part, the largest reduction in buckling load is less than 20 per-
centrally located (refs. 48-51). These plates exhibit acent of the buckling load of the corresponding plate
reduction in buckling load with an increase in cutout without a cutout. Corresponding analytical results for
size. However, in a corresponding displacement-loaded[(+45)]; boron-epoxy plates predict slightly larger reduc-
plate, the axial load path is, for the most part, not tions in buckling load with increasingfW than for the
centrally located. A prebuckling load path of this form glass-epoxy plates.
basically reduces, and in some cases eliminates, the

importance of the loss in central bending stiffness caused ~ Németh and his colleagues (refs. 6, 7, 18, 24, and 25)
by cutout size. In this case, the redirection of the axial Investigated the buckling behavior of stress-loaded and

load path away from the central region of the plate djsplacement-loadec_l graphite-epoxy plates with a central
increases the buckling load. circular cutout. In this study, plates with either clamped

or simply supported loaded edges and simply supported

The basic behavior of shear-loaded square platesunloaded edges were considered. The basic effects of
is fundamentally different from the behavior of cutout size and plate orthotropy were investigated by
compression-loaded plates. This difference is morecomparing the behavior of several specially orthotropic
readily understood by replacing the shear load acting onlaminates and several symmetric angle-ply laminates.
a plate with the statically equivalent pairs of diagonal The specially orthotropic laminates that were investi-
tension and compression forces. By using this idea, it isgated included the pathological cases of unidirectiohal 0
seen that a substantial portion of the destabilizing com-and 90 laminates and moderately orthotropic [(0/49)
pressive force acting in a shear-loaded plate is centralllaminates. The symmetric angle-ply plates investigated
located. In this situation, the buckling behavior is were [£6),]glaminates with values & = 30°, 45°, and
strongly dependent on the loss of bending stiffness in the60° and m=6. Compression-loaded angle-ply plates
central portion of a plate because of the presence of a cutwith m= 6 that have a cutout were found to have negligi-
out. Results for isotropic square plates suggest that thédle bending anisotropy.
shear buckling load is dominated by the loss in bending . ) )
stiffness; i.e., the shear buckling load decreases mono- Analytical results obtained by Nemeth and his col-

tonically with increasing cutout size (refs. 52 and 53). Ie_agues for these_lar_n_inates predict the _foIIowing trends.
First, orthotropy significantly affects the influence of the

For plates made of composite materials, severaltype of compression loading. Stress-loaded plates are
additional factors affect the behavior of compression- predicted to be generally less buckling resistant than the
loaded and shear-loaded plates that have a cutout. In gercorresponding displacement-loaded plates with increas-
eral, the bending orthotropy and anisotropy affect how aing cutout size. This effect appears to be amplified as the
cutout alters the central bending stiffness. This effectin-plane stiffness of a plate in the loading direction
may be compounded because the bending orthotropy anthcreases because of a change in stacking sequence. Sec-
anisotropy also affect how the bending boundary condi-ond, stress-loaded plates are generally predicted to
tions influence the distribution of bending gradients in exhibit a trend of monotonic reduction in buckling load
the central region of the plate. In addition, the membranewith increasing cutout size. Displacement-loaded plates
orthotropy and anisotropy affect how a cutout alters theare predicted, for several laminates, to exhibit a trend
prebuckling load path. This effect also may be com- similar to the trend experimentally verified by Ritchie
pounded by how the membrane orthotropy and anisot-and Rhodes (ref. 50) for displacement-loaded isotropic
ropy influence the participation of the in-plane boundary plates with simply supported edges; i.e., a slight reduc-
conditions, including the loading conditions, in the buck- tion in buckling load with increasing/W followed by
ling response. monotonic increases in buckling load. This behavior was
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also experimentally obtained (refs. 18, 24, and 25) for Nemeth and his colleagues (refs. 6 and 7) also found
[(90)50lT, [(0/90)]s, [(£30)]s, and [&60)]s laminates.  that the influence of the bending boundary conditions at
For each of these laminates, plates with large cutout sizeshe loaded edges of a plate (on the effect of a cutout) is
buckled at loads either near or greater than the bucklingoredicted to increase substantially as the ratio of the
load of the corresponding plate without a cutout. bending stiffnesses normal and parallel to the loaded
edges D14/Dy, increases with a change in stacking
This counterintuitive behavior also was predicted sequence. This trend was also observed for the experi-
analytically and was found experimentally by Marshall mental results presented in references 18, 24, and 25.
and his colleagues (refs. 10, 11, and 17) for Similar trends were obtained using finite element analy-
displacement-loaded specially orthotropic plates made ofses by Srivatsa and Krishna Murty (ref. 44) for stress-
glass-epoxy and with simply supported edges. Analytical loaded plates with all edges clamped or with the loaded
and experimental results obtained bylarshall and  edges clamped and the unloaded edges simply supported.
his colleagues show that simply supported plates with This influence of the bending boundary conditions on the
d/W= 0.5 can buckle at loads as much as approximatelyeffect of a cutout on the buckling load can be rationalized
30 percent higher than the buckling load of the corre-by noting that the distribution of bending gradients in
sponding plate without a cutout. Moreover, the relative thecentral region of a plate is significantly affected by
increase in buckling load capacity is substantially larger the ratio D14/Dy,. Photographs of buckle patterns
for the glass-epoxy plates than for that obtained experi-obtained by the use of a shadow moiré technique for
mentally by Marshall and his colleagues for the corre- displacement-loaded plates with clamped and simply
sponding isotropic plates. Furthermore, Horn and Rouhisupported loaded and unloaded edges, respectively, were
(refs. 29 and 30) conducted experiments on squarePresented in reference 31. These photographs show that
graphite-epoxy and graphite-thermoplastic laminates for unidirectional © laminates, Iarge axial bending gradi—
with circular cutout sizes up WW=0.7. In this study, ents are generally distributed across more of the plate
the test specimens were displacement-loaded andvidth than in the other laminates considered, which all
clamped on the loaded edges and simply supported ofad lower values db;4/D5,. These displacement-loaded
the unloaded edges. The experimental results show thaginidirectional O laminates also exhibited a monotonic
the plates with a large cutout buckled at loads near orreduction in buckling load with increasing cutout size.
greater than the buckling load of a corresponding plateThese two facts suggest that as the bending stiffness ratio
without a cutout. D;4/D,, increases, the importance of the loss in central
bending stiffness caused by a cutout can become greatly

The counterintuitive behavior of displacement- @mplified. Typically, the loss in central bending stiffness

loaded plates with a large cutout described previously€sults in a reduction in buckling load.
has been generally attributed to the redirection of the

axial load path prior to buckling toward the unloaded 4.4 his colleagues for{45/0/-45/90),] s quasi-isotropic

edges of a plate. Nemeth (refs. 24 and 25) identified|yminates made of graphite-epoxy material that were
another basic effect that influences the prebuckling Ioadsimply supported on all edges and displacement loaded.

path in square symmetrically laminated composite platesthege results predict that asincreases, the buckling

with a central circular cutout. This finding was uncov-  pepayior of the quasi-isotropic plates approaches that of
ered by analytical results obtained for displacement- . corresponding isotropic plates.

loaded and stress-loaded§0)g] 5 graphite-epoxy plates
with clamped or simply supported loaded edges and sim-  Marshall, Little, and El Tayeby (refs. 10, 11, and 17)
ply supported unloaded edges. These results predict thahvestigated the effects of circular cutout size and plate
the stress-loaded plates exhibit nearly tt@me behav-  orthotropy on the buckling load by varying the modulus
ioral trend as the correspondirdjsplacement-loaded ratio E,/E, for specially orthotropic plates. Analytical
plates; i.e., a slight reduction in buckling load with results were obtained for square displacement-loaded
increasing cutout size followed by monotonic increasesplates with simply supported edges. These results predict
beyond or near the buckling load of the correspondingrelative increases in buckling load compared to the buck-
plate without a cutout. Examination of the prebuckling ling load for the corresponding plates without a cutout, as
stress distributions for these plates revealed the presence/\W approaches 0.6 and for all the valuessglE, that

of zones of transverse in-plane tensile stresses near th&ere considered. Moreover, the analytical results predict
cutout. These tensile stresses were found to counteradhat the relative increase in buckling load with cutout size
the loss in central bending stiffness caused by the cutoutis very sensitive to the modulus ratio. The largest overall
Similar observations were later made by Yasui (ref. 38) gains in relative buckling load were predicted for plates
for rectangular composite plates. with the smaller modulus ratios.

Analytical results were also presented by Nemeth
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Larsson (ref. 20) investigated the sensitivity of the These results predict, for the most part, a monotonic
buckling load of stress-loaded plates with a central circu-reduction in buckling load with increasing cutout size for
lar cutout to the modulus rattg, /E,. He obtained finite  values of 0<6<90°. Moreover, deviations from this
element results for simply supported square plates madérend are typically predicted to occur for approximately
of E-glass-epoxy material and two different types of 0=45°. For example, plates with= 60" are predicted
boron-epoxy materials. The results predict a monotonicto exhibit increases in the buckling load with increasing
reduction in buckling load with increasing cutout size in cutout size for each set of boundary conditions consid-
each case. In addition, the results predict basically theered. The results also predict that the change in buckling
same trend as that predicted by Marshall and his col-load with cutout size generally becomes much smaller
leagues (refs. 10, 11, and 17) for displacement-loadedor laminates with approximately= 50° for each of the
plates; i.e., smaller losses in buckling load, compared tothree boundary condition cases. Moreover, the buckling
the buckling load of the corresponding plate without a loads tend to diminish rapidly with increase®ibeyond
cutout, with increasingl/W are predicted for the plates approximately 60 These trends were also predicted ear-
with the smaller modulus ratios. lier by Nemeth (refs. 24 and 25) for similar stress-loaded

) i ) o square plates with all edges simply supported and for

Lee, Lin, and Lin (ref. 26) also obtained finite ele- pjates with the loaded and unloaded edges clamped and
m_ent results _for stress-loadgd square specially orthotro-simmy supported, respectively. Yasui (ref. 38) also pre-
pic plates Wlth' a central circular cutout. Resu'lts for dicted practically the same trends for similar simply sup-
clamped and simply supported plates WHE, ratios  norted symmetric angle-ply plates approximately a year
of 0.1, 0.5, 2, and 10 were obtained for cutout sizes up tOggylier. In addition, results were presented by Nemeth for
d/W=0.4. These results predict the same trends prethe correspondinglisplacement-loaded plates that also
dicted by Larsson. In addition, these results also predictyegict similar trends. However, the results also predict
that instead of monotonic reductions the stress-loadeqggs gverall sensitivity of the buckling load to cutout size
clamped and simply supported plates WHRYE, =0.1  for the displacement-loaded plates than for the stress-
exhibit increases in buckling load with increasing cutout |55qed plates.
size.

Similarly, Yasui and Tsukamura (ref. 22) obtained Behavior of Shear-Loaded Square Plates

finite element results that predict the influence of the Shear buckling of square plates that have a central
lamina modulus rati&;/E, on the buckling load for sim-  circular cutout represents another fundamental research
ply supported stress-loaded square plates. In this caseroblem of practical importance. However, the behavior
isotropic plates and symmetric cross-ply laminates madeof shear-loaded composite plates has not received nearly
of glass-epoxy or graphite-epoxy materials were investi-as much attention as corresponding compression-loaded
gated. These results also predict a monotonic reductiorplates. Rouse (ref. 34) investigated the effects of lami-
in buckling load with increasing cutout size in each case.nate stacking sequence, material system, and circular cut-
Furthermore, the results predict smaller losses in buck-out size on shear buckling of square plates. Finite
ling load compared to the buckling load of the corre- element and experimental results were obtained for
sponding plate without a cutout, with increasefg/ for several different quasi-isotropic and symmetric lami-
the plates with the smaller modulus ratios. Chen, Lin, natesconsisting of various arrangements ¢&f @845°,

and Chen (ref. 39) also investigated the effects ofand 90 plies. Laminates made of either graphite-epoxy
laminamodulus ratio on the thermal buckling behavior or graphite-thermoplastic material were investigated.
of [(0/90/0/90)] antisymmetric cross-ply laminates with a The plates were modeled with clamped edges in order to
central circular cutout. Square plates wilhV as large  be consistent with the massive test fixture used in the
as0.6 were investigated. The finite element results theyexperimental investigations that were conducted. The
obtained predict that the buckling temperature becomesinite element results and some corresponding experi-

less sensitive td/W as the lamina modulus rati§/E,  mental results show a basic trend of monotonic reduction
decreases. This same trend is also predicted for the lamin shear-buckling load with increasing cutout size for
ina thermal expansion coefficient ratig/a,. both material systems. This trend is rationalized by not-

ing that in each case a substantial destabilizing compres-
sive force acts along the compression diagonal of the
plate.

Srivatsa and Krishna Murty (ref. 44) studied the
basic effects of circular cutout size and plate orthotropy
on the buckling behavior of 40)g]ls graphite-epoxy
square plates. Finite element results were obtained for  Owen (ref. 33) investigated the basic effects of cir-
stress-loaded plates with all edges simply supported,cular cutout size and plate orthotropy by comparing the
all edges clamped, and for plates with clamped and sim-behavior of [(0/9G¥45)] 5 quasi-isotropic laminates and
ply supported loaded and unloaded edges, respectivelyseveral symmetric angle-ply laminates. The symmetric

12



angle-ply plates investigated weretfglg laminates  pic plates; i.e., when a plate buckles into two half-waves
with values ofo = 0°, 1%, 3C°, 45, 6C°, 75, and 90. along the length and a single half-wave across the width,
Graphite-epoxy material properties were used for all the cutout straddles the nodal line of the deformation pat-
laminates. Analytical results were obtained for simply tern. In this region of the plate, the bending action is sub-
supported stress-loaded plates wdtdV up to 0.4. The  stantially smaller than at the buckle crests. As a result,
results predict a monotonic reduction in shear buckling the loss in bending stiffness caused by a cutout is not as
load with increasing cutout size for each laminate type; significant as when the cutout is centered on a buckle
reductions of approximately 50 percent in buckling load crest. Moreover, an increasing amount of the axial load is
are predicted as the cutout size increases €fsh= 0.1 shifted toward the plate edges as the cutout size
to 0.4. Moreover, the results predict higher buckling increases. The net effect is larger increases in buckling
loads for the laminates witB = 30°, 45°, and 60 for load with increasing cutout size when the cutout strad-
each cutout size. For these laminates the fibers in thedles a nodal line as opposed to its being centered on the
outermost plies are closely aligned with the compressionbuckle crest. This behavior is referred to herein for con-
diagonal of the plate. The highest buckling load is pre- venience (by using the terminology of Vann and Vos) as
dicted for the laminate witB = 45° for each cutout size.  the contraflexure effect of a cutout.
In this case, the fibers in the outermost plies are exactly
aligned with the compression diagonal of the plate. Nemeth and his colleagues (refs. 6, 7, 24, and 25)
. . investigated the basic effects of plate aspect ratio, ortho-
Jones a_nd Klang (ref. .46) also |n\_/est|gated Fhe tropy, and circular cutout size on buckling behavior by
effects of circular cutout Siz€ and laminate stackm_g comparing analytical results for unidirectiongl and
sequence on the shear buckling load of square graphlte9001 [(0/90)]s, and [&6),]s graphite-epoxy laminates

epoxy plates with elastically restrained edges. In thiswith ms> 6. Com L ;
i > 6. pression-loaded simply supported plates
study, [¢45/0)]s, [(+45/90p]s, and [£45)]s laminates 44 bjates with the loaded and unloaded edges clamped

were investigated. Analytical results Were_obtaingd for and simply supported, respectively, were investigated.
stress-loaded plates witiW up to0 0.5 and with varying e requits predict that a cutout can significantly influ-

degrees of equal el_astic rotational restraint on ?aCh edg%nce the formation of the buckle pattern in a rectangular
between the bounding cases of clamped and simply sup-

. “plate. A long-known basic property exhibited by rectan-
ported edges. These results also predict a monotonug d property y

duction in sh buckling load with i . ular plates is the festoon shape of their buckling load-
re u%tlon 'nﬁ Iear_ uc Ingd ?a ‘i’;"t f|r|1|creasmg ;:utgut versus-plate-aspect-ratio curves. Near a cusp in these
size for each laminate and for the full range of edge curves, particularly for the smaller values of plate aspect
restraint. For each laminate, a reduction of approximately

X . ! . -~ Jratio, an increase in the buckling load occurs. In addition,
60 percent in buckling load is predicted as the cutout siz&, hen, the bending stiffness that is normal to the loaded
increases frond/W =0 to 0.5.

edges of a plat®,, is increased relative to the stiffness
_ parallel to the loaded edd®,,, the spacing of the cusps
Effects of Plate Aspect Ratio and their amplitudes can increase dramatically. Simi-

Marshall, Little, and EI Tayeby (ref. 17) obtained @1y, whenDy4/Da; is reduced, the spacing of the cusps

experimental and analytical results for rectangular spe-a"d their amplitudes decrease.

cially orthotropic glass-epoxy plates withiW =2 and ) .

with a central circular cutout. Relative changes in the  1N€ analytical results in references 6, 7, 24, and 25
buckling load, compared to the buckling load of the cor- predict that a c_entral circular cutout can glgmflcantly_
responding plate without a cutout, were presented foraffect the formation of these cusps. One obvious effect is
compression displacement-loaded plates that show ghe loss in centra_l bending stiffness _cquse_d by the cut-
trend of monotonic increase in relative buckling load OUt: Results for simply supported unidirectionalahd
with increasing cutout size. Substantial increases inl(*15)ls displacement-loaded plates predict that the
relative buckling load are exhibited by the plates with Plates withd/W=0.6 exhibit the largest buckling loads
d/W> 0.4. The analyses and experiments indicate that@SL/W increases. Moreoyer, the plates in which the cut-
these plates buckle at loads nearly 50 percent higher thaRut st_raddles the_nodal line of th_e buckle_ pattern exhibit
the buckling load of the corresponding plate without a the higher buckling loads, consistent with t_he contra-
cutout. In each case, the plates buckled into two hali-flexure effect. Generally, the results for the simply sup-

waves along the plate length and one half-wave acros®0rted plates and the plates with clamped loaded edges
the width. predict trends of increasing buckling load with increasing

d/W for both stress-loaded and displacement-loaded
These high, relative buckling loads obtained by plates asL/W increases. Moreover, the results predict
Marshall and his colleagues can be rationalized using thethis trend to be more pronounced /D, increases
logic first presented by Vann and Vos (ref. 48) for isotro- and when the loaded edges are simply supported.

13



The results presented in references 6, 7, 24, and 2%ivity of the buckling load tal/W is generally less pro-
also predict that the influence of the bending boundarynounced than for the graphite-epoxy plates. In addition,
conditions on the loaded edges (clamped or simply sup+esults predict basically the same trends for correspond-
ported) are somewhat sensitive to cutout size but are faing plates with a square cutout that has rounded corners.
more sensitive to plate orthotropy. Generally, the bend-
ing boundary conditions become more influential on the
buckling load a®,4/D,, increases and aW andL/W
decrease.

Yasui (ref. 38) also obtained similar results for sym-
metric cross-ply laminates made of either graphite-epoxy
or glass-epoxy material and for angle-ply laminates made
of graphite-epoxy material. Results were obtained for

Results obtained by Nemeth (refs. 24 and 25) for simply supported stress-loaded plates by using finite ele-
angle-ply laminates predict that as the plate aspect ratianent analysis. These results predict essentially the same
increases, the buckling loads for the correspondingtrends as described in the previous paragraph. In addi-
stress-loaded and displacement-loaded plates coalesc@on, Yasui identified the presence of zones of tensile
Moreover, the value ob/W at which the coalescence stress, similar to those predicted for square plates in ref-
occurs gets smaller as the fiber an@lencreases. This  erences 24 and 25, near a large cutout in a plate. Yasui's
behavior is explained by noting that as the plate aspectesults predict that these zones of tensile stress grow
ratio increases, the amount of material between theslightly in magnitude and distribution as the plate aspect
loaded edges of a plate and the central cutout increasesatio increases and that the zones of tensile stress contrib-
Thus, in accordance with Saint-Venant’s principle, the ute to an increase in the buckling load.
differences in the prebuckling states for the two loading
conditions attenuate as the plate aspect ratio increases. Effects of Cutout Eccentricity
Moreover, the more compliant the material is in the load-
ing direction prior to buckling, the more rapid is the The results obtained by Marshall and his colleagues
attenuation with increases in plate aspect ratio. The(ref. 16) are apparently the only available results that
results also indicate that the buckling loads for the corre-address the effects of cutout eccentricity on the buckling
sponding stress-loaded and displacement-loaded plateBehavior of composite plates. These results are for square
generally increase and decrease with increakify, specially orthotropic glass-epoxy plates loaded in com-
respectively. This behavior suggests that both distinctly Pression by uniform edge displacements. The plates that
different deformation states for square stress-loaded andvere investigated are simply supported, have a longitudi-
displacement-loaded plates attenuate to a common statgally eccentric circular cutoutf=0.3 and 0.5), and
in which a sizable amount of the axial load is redirected cutout eccentricities up to 10 percent of the plate length.
to the unloaded edges by a large cutout. Experimental results and results obtained from an

) ] ) approximate analysis show a trend of monotonic reduc-

Yasui and Tsukamura (ref. 22) also investigated thetjon in buckling load with increases in cutout eccentricity
effects of plate aspect ratio and circular cutout size on thefor poth cutout sizes. Moreover, the results indicate that
behavior of symmetric cross-ply laminates made of the effect of cutout eccentricity becomes more pro-
graphite-epoxy or glass-epoxy materials. Results werengynced as the cutout size increases. The largest reduc-
obtained for simply supported stress-loaded plates bytion in buckling load was exhibited by the plates with
using finite element analysis. These results also predicigny = 0.5 with an eccentricity of approximately 10 per-
that the cutout size and plate orthotropy significantly cent of the plate length. These plates buckled at loads
affect the formation of the plate buckle pattern. In addi- approximately 30 percent lower than the buckling load of

tion, the results show that the square graphite-epoxyine corresponding plate without a cutout.
plates exhibit a monotonic reduction in buckling load

with increasingd/W and that this trend generally reverses
for approximately 1.4 L/W<2.3. For this range of
plate aspect ratios, the plates buckle into two half-waves  Only a few studies have been made that present
along the plate length, and the plates with the larger cut-direct comparisons of the effects of cutout shape on
outs typically have the higher buckling loads. This the buckling behavior of composite plates. Yasui and
behavior is consistent with the contraflexure effect and Tsukamura (ref. 22) investigated the effect of cutout
the attenuation behavior of the prebuckling state previ-shape on the compression buckling behavior of simply
ously discussed herein. More precisely, with increasingsupported stress-loaded square plates. In this study, finite
L/W, the prebuckling states of the stress-loaded plateslement results were obtained for specially orthotropic
attenuate to a state in which a substantial amount of axiaplates with either a central circular cutout or a central
load is redirected toward the unloaded edges of the platesquare cutout with rounded corners. In addition, plates
because of a large cutout. The same trends are predicteshade of either glass-epoxy or graphite-epoxy material
for the corresponding glass-epoxy plates, but the sensiwere investigated. Results for identical plates, one with a

Effects of Cutout Shape
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circular cutout and the other with a square cutout with theand [¢45/0/90)%]5 plates, respectively. Corresponding
same width as the circular cutout diameter, were results for shear-loaded plates predict a monotonic reduc-
obtained for cutout widths up to 50 percent of the plate tion in buckling resistance as the cutout is rotated tp 45
width. These results predict that the plates with a circularfollowed by monotonic increases in buckling resistance
cutout have higher buckling loads and that the differenceas the cutout is rotated farther. Moreover, the response
in buckling loads caused by cutout shape is slightly morecurves that are given are symmetric about the vertical
pronounced for the graphite-epoxy plates than for theline on the plots that correspond 4o= 45°. The high
glass-epoxy plates. In addition, the results predict that theaspect ratio cutouts also exhibit the largest reductions,
buckling load for a plate with a square cutout is less and the biggest and smallest variations in buckling load
thanabout 10 percent different from the buckling load of are also predicted for thexf{5)]g and [¢45/0/90)%]g
the corresponding plate with a circular cutout with plates, respectively. Results were also obtained for com-
d/W< 0.3. Similarly, differences in buckling load caused bined compression and shear load. These results predict
by cutout shape of approximately 14 and 34 percent werehat in this case the plates exhibit basically the same
predicted for the glass-epoxy plates withW=0.4 trends with respect to cutout aspect ratio and laminate
and0.5, respectively. A difference of approximately type. The effect of the cutout rotation also is predicted to
21 percent is predicted for the graphite-epoxy plates exhibit, for the most part, monotonic reduction in buck-
with d/'W=0.4. This behavior is at least partially ling load with increasingy.
explained by noting that as the cutout width increases, a
plate with a square cutout experiences a larger loss in
central bending stiffness than does a plate with a corre-
sponding circular cutout. All studies reviewed herein address the effects of
bending boundary conditions in some manner. However,
Britt (ref. 47) recently studied the effects of elliptical Srivatsa and Krishna Murty (ref. 44) and Jones and
cutout shape on the behavior of square compressionKlang (ref. 46) have addressed these effects directly
stress-loaded and shear-stress-loaded plates. Graphitgor square plates that have a central circular cutout.
epoxy [(0)g]s plates with central cutouts were investi- Finite element results obtained by Srivatsa and Krishna
gated for values of “Gc 8 <90°. Buckling loads were  Murty predict that the bending boundary conditions can
obtained for elliptical cutouts with a major axis length- change entirely the effect of a cutout on the buckling
to-plate-width ratiod/W=0.6 and with cutout aspect behavior. For example, results for uniaxial stress-loaded
ratiosh/d = 1/3, 2/3, and 1 (fig. 1). For these results, the [(0/+45/90)k graphite-epoxy plates predict monotonic
major axis of the elliptical cutout is normal to the com- reduction in buckling load witt/W for simply supported
pressive loading direction(= 0°). The results obtained plates, clamped plates, and plates in which the loaded
by Britt predict basically the same trend for simply sup- edges are clamped and the unloaded edges are simply
ported and clamped plates loaded by either uniaxial comsupported. However, results for corresponding plates
pression or shear or by the two loadings combined. Inwith the loaded edges simply supported and the unloaded
particular, the results predict that significant increases inedges clamped show slight reductions in buckling load
the buckling load are obtained by reducing the aspectas d/W increases to approximately 0.For larger

ratio of the elliptical cutout. This effect can be rational- values ofd/W, the buckling load is predicted to increase
ized by noting that as the cutout ratio is reduced, the platemonotonically.

gains central bending stiffness to resist buckling without
drastically altering the axial load path. The results also Jones and Klang investigated the effects of an elastic
predict that the largest gains in buckling load are for rotational restraint on the influence of a central circular
approximately 40< 6 < 60°. cutout in compression-loaded and shear-loaded square
plates. Analytical results for4£85/0)]g graphite-epoxy

In the same study, Britt investigated the effect of laminates predict a monotonic reduction in buckling load
rotating the elliptical cutout by an anglefor [(£30)]s, with d/W for compression-stress-loaded and shear-stress-
[(¥45)]s, and [(¢45/0/90%]s graphite-epoxy square loaded plates for the full range of elastic restraint.
plates. The anglé corresponds to a clockwise rotation Compression-displacement-loaded plates are predicted to
of the major axis of the elliptical cutout (fig. 1). In addi- exhibit a slight reduction in buckling load followed by
tion, several cutout aspect ratios were investigated.monotonic increases with increasigg. The results
Results for simply supported stress-loaded plates predictlso predict that the effect of the elastic restraint on the
a monotonic reduction in buckling resistance as the cut-buckling load is much more pronounced in compression-
out is rotated, and the plates with the high valuggaf loaded plates than in shear-loaded square plates and that
exhibit the largest reductions. The biggest and smallestthe influence of the elastic restraint diminishes as the cut-
variations in buckling load are predicted for thedf)] s out size increases.

Effects of Bending Boundary Conditions
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Effects of Combined Loading and In-Plane sented for the cross-ply laminates for several different
Boundary Conditions biaxial compression loading ratios that indicate essen-

i _tially the same trend.
Larsson (ref. 20) studied the effects of compressive

biaxial loading on the buckling behavior of square stress- ~ Yasui (ref. 38) also studied the effects of biaxial
loaded plates that have a central circular cutout. Simplycompression loading on#)g]s graphite-epoxy rectan-
supported, specially orthotropic plates made of E-glass-gular plates with a central circular cutout. Finite element
epoxy material and two different types of boron-epoxy results were obtained for stress-loaded plates with all
materials were investigated. For each case, finite elemengdges simply supported. Results for square plates predict,
results obtained by Larsson predict that the sensitivity offor most of the data, a monotonic reduction in buckling
the change in buckling load to changes in cutout size isload with cutout size for values of & 6 < 90°. In addi-
more pronounced for uniaxially loaded plates than for tion, the results predict that the buckling loads for biaxi-
biaxially loaded plates. Results for clamped boron-epoxyally loaded plates that have equal loading on each edge
plates with d/W=0 and 0.6 were also obtained by are much less sensitive ficand cutout size than the cor-
Larsson and predict that biaxially stress-loaded and biax-reésponding uniaxially loaded plates. Results for corre-
ially displacement-loaded clamped plates, with equal Sponding rectangular plates also predict a trend of
load in each loading direction, buckle at loads approxi- monotonic reduction in buckling load with increasing
mately 4 and 30 percent higher, respectively, than thecutout size, unlike corresponding uniaxially loaded
buckling loads for corresponding plates without a cutout. plates. However, the longer plates that were considered
also showed a much different sensitivity @ahan the
Lee, Lin, and Lin (ref. 26) also obtained finite ele- square plates did.
ment results for biaxially stress-loaded (equal magnitude ) ) .
in each direction) square plates that have a central circu- __ Bitt (réf. 47) studied the behavior of square plates
lar cutout. Results for specially orthotropic clamped and with a central circular cutout that were subjected to com-

simply supported plates with modulus ratigg/E, = 2 bined unia>§ial tension-compression and' shear Iqads.
and E,/E, = 10 were obtained for cutout sizes up to Both the axial and shear loads were applied as uniform

d/W=0.4. These results predict that the simply sup- edge stresses. Buckling interaction curves were qbtalned
ported plates exhibit a trend of monotonic reduction in 0" [(330)ls, [(245)]s, and [¢45/0/90}]s graphite-
buckling load with increasing cutout size. Moreover, the EPOXY plates wit/W=0.1 and 0.3. These results pre-
results predict practically the same trend for correspond-dict that the buckiing resistance decreases with increas-
ing simply supported piates with the different modulus N9 cutout size anq tha}t the decrease is more pronounced
ratios. The results for the clamped plates show a muchVNen uniaxial tension is present.

different trend and much more sensitivity to the modulus Turvey and Sadeghipour (ref. 21) studied the effects
ratio. The clamped plates exhibit a slight reduction in of restraining the in-plane displacements normal to the
buckling load with increasing/W followed by a mono-  ynloaded edges of square glass-epoxy plates that are
tonic increase in buckling load. Comparison with results |gaded in uniaxial compression and have cutout sizes up
for corresponding uniaxially loaded plates with the sameto d/w=0.7. In this situation, restraining the unloaded
value of modulus ratio predicts that the buckling load of edges of the specially orthotropic plates to be immovable
the simply supported plates loaded in biaxial compres-induces a biaxial loading state. Results of the Turvey and
sion is less sensitive to changes in cutout size than that Oéadeghipour finite element analyses for stress-loaded
the uniaxially loaded plates. plates predict that buckling loads for the plates with
immovable unloaded edges are always less than the
buckling load of the corresponding plate with moveable
unloaded edges. Moreover, the finite element results pre-
dict that the buckling loads of stress-loaded plates with
immovable unloaded edges are less than the buckling
loads for corresponding displacement-loaded plates for
the full range of cutout sizes.

Yasui (ref. 38) also studied the effects of biaxial
compression loading on rectangular unidirectional 0
and 90 laminates and symmetric cross-ply laminates
with plate aspect ratios OL/W< 4. Simply supported
plates made of graphite-epoxy material that have a cen
tral circular cutout were investigated. Finite element
results were obtained for uniaxially and biaxially stress-
loaded plates that predict a substantial difference in  Turvey and Sadeghipour (ref. 23) also studied the
behavior; i.e., the results predict that plates under equakffects of in-plane loading conditions and boundary con-
biaxial compression exhibit monotonic reduction in ditions on square shear-loaded plates made of graphite-
buckling load with increasing cutout size for the full epoxy material. Finite element results were obtained for
range of plate aspect ratios considered, unlike the correclamped [£45),] 5 laminates with central circular cutout
sponding uniaxially loaded plates. Results were also pre-sizes up ta/W = 0.6. Furthermore, results were obtained
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for shear-stress-loaded, shear-displacement-loaded, andted with the shear load. Finite element results for
shear-stress-loaded plates with the additional constraintlamped and simply supported plates predict that shear-
that only one pair of opposite edges remain straight dur-loaded anisotropic plates exhibit basically the same trend
ing deformation. These results predict that the shearas corresponding isotropic and orthotropic plates; i.e., the
buckling load is practically independent of the three shear buckling load decreases monotonically with

modes of shear loading that were considered. In eachncreasing cutout size. The results also predict practically
case, the buckling load diminishes monotonically with the same level of sensitivity to cutout size for the

increasing cutout size, and the reduction is, for the mostclamped and simply supported plates.

part, almost a linear function df\v. The effects of varying the degree of anisotropy

exhibited by the unidirectional off-axis square plates
with a central circular cutout were also investigated
Nemeth (refs. 24 and 25) investigated the effectsPy Turvey and Sadeghipour (refs. 21 and 23). Both
of cutout size on the importance of anisotropy in compression-stress-loaded and shear-stress-loaded glass-
[(+60)/(-60)]s graphite-epoxy laminates loaded in €POXy plates were investigated. For compression-loaded

compression. Laminates with these stacking sequenceglates, the fiber anglé (fig. 1) was varied from O
exhibit anisotropy in the form of bending-twisting 0 9C. Finite element results were obtained for plates

coupling. Finite element results were obtained for With dW=0 and 0.3 with moveable unloaded edges.

displacement-loaded plates with clamped loaded edgeghese results predict that the sensitivity of the buckling
and simply supported unloaded edges. These results prdoad for clamped plates to change$imcreases dramat-
dict that the importance of the bending anisotropy ically asd/W increases from 0 to 0.3. Corresponding sim-
in these plates becomes much more pronounced forPly supported plates are predicted to be essentially
d/W> 0.3. For example, the results predict that neglect- insensitive to the presence of the cutout.

ing the anisotropy in the analysis of the platéth For the shear-loaded plates, the arfjleas varied
d/W= 0.6 would overestimate the buckling load by about fom -45° to 45. Values oB = 45° and-45° correspond

37 percent, as compared to about 24 percent for the cory the fiber direction by being aligned with the tension
responding plate without a cutout. diagonal and compression diagonal of the square plates,
respectively. Finite element results were obtained for
stress-loaded plates withiwW = 0.3. These results predict
that plates witl® = —45° are the most buckling resistant.

Effects of Anisotropy

Turvey and Sadeghipour (ref. 21) investigated the
effects of anisotropy on the buckling behavior of

compression-loaded unidirectional off-axis plates with a -_ Lo ) : . o
P D This behavior is rationalized by noting that a unidirec-

central circular cutout. In particular, finite element . .
onal plate has the most bending resistance to the desta-

results were obtained for stress-loaded square plate%_l_ ; ion f h he fiber direction i
made of glass-epoxy material that had a fiber orientation izing compression force when the fiber direction Is
aligned with the compression diagonal of the plate.

angle 8 =45 (fig. 1). Plates with this construction
exhibit membrane and bending anisotropy in the form of Lin and Kuo (ref. 27) investigated the effects of
shear-extensional and bending-twisting coupling, respec-anisotropy on the buckling behavior of 2-ply and 6-ply
tively. The unloaded edges of the plates were modeled agntisymmetric cross-ply laminates and 4-ply and 6-ply
moveable edges that permit in-plane shearing deformaantisymmetric angle-ply laminates that have a central cir-
tions. These results predict that these stress-loaded anis@ular cutout. Laminates with this construction exhibit
tropic plates exhibit a trend contrary to that typically anisotropy in the form of bending-extensional coupling.
exhibited by similar stress-loaded isotropic and orthotro- As the number of plies that forms these laminates
pic plates; i.e., the buckling load diminishes with increas- increases, the bending-extensional coupling weakens.
ing cutout size, reaches a minimum value, and thenSimply supported and clamped plates with relatively
increases monotonically. The results also predict thatsmall cutout sizesd(W < 0.3) were investigated. More-
clamped plates amuch more sensitive to changes in over, uniaxial compression, biaxial compression with
cutout size than corresponding simply supported platesequal loading in each direction, and tension-compression
for values ofd/W>0.25; i.e., the clamped plates exhibit bjaxial loadings were investigated. Each loading was

larger relative increases in buckling load than the corre-applied by specifying uniform edge stresses.

sponding simply supported plates do.
P g Pl SUPP P Finite element results obtained by Lin and Kuo for

Turvey and Sadeghipour (ref. 23) also investigated 2-ply and 6-ply antisymmetric cross-ply laminates that
the effects of anisotropy on corresponding unidirectional are loaded uniaxially predict a general trend of mono-
off-axis plates that are loaded by uniform edge sheartonic reduction in buckling load with increasing cutout
stress. For the shear loading, theé #iber direction is size. This trend is also predicted for the antisymmetric
aligned with the tension diagonal of a plate that is associ-cross-ply laminates that are subjected to either of the
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biaxial loadings. The buckling loads of the uniaxially to the trend for corresponding isotropic plates first pub-
loaded antisymmetric cross-ply laminates with simply lished by Sumi and Sekiya (ref. 49).

supported or clamped edges are all predicted to exhibit

slightly larger reductions in buckling load with increas-
ing d/W as the degree of bending-extensional coupling
becomes smaller. This trend is also predicted for the cor
responding simply supported plates that are loaded biaxi
ally. Furthermore, the effect is predicted to be more
pronounced for the biaxially loaded plates with large
tension-load components.

Chen, Lin, and Chen (ref. 39) investigated the ther-
mal buckling behavior of antisymmetric cross-ply lami-
nates withd/W as large as 0.6. Finite element results that
were obtained generally predict a trend of monotonic
reduction in buckling temperature with increasaigv.
The sensitivity of the buckling temperature to changes in
d/W was also predicted to be lower for corresponding
laminates with greater bending-extensional coupling.

Lin and Kuo also studied the effect of varying the Jones and Klang (ref. 46) investigated the effects of
lamina modulus raticE;/E, of the highly anisotropic  anisotropy on the buckling behavior of unidirectional
[0/90] laminates on the buckling load. Finite element off-axis laminates wit® = 30° (fig. 1) that have a central
results for simply supported square plates predict thatcircular cutout. Analytical results were obtained for com-
varying the lamina modulus ratio has, for the most part, pressive stress-loaded and displacement-loaded square
practically no effect on the relative changes in buckling plates made of graphite-epoxy material with edges that
load with increasing cutout size. They also investigatedare elastically restrained against rotation. These results
the effect of varying the fiber angle for 6-ply antisym- predict that the displacement-loaded anisotropic plates
metric angle-ply laminates loaded uniaxially. The finite exhibit a trend similar to that exhibited by similar
element results obtained for these laminates also predicfjisplacement-loaded isotropic plates for the full range of
a general trend of monotonic reduction in buckling load e|astic restraint; i.e., the buckling load diminishes with
with increasing cutout size. In addition, the relative increasing cutout Size1 reaches a minimum Va|ue’ and
change in buckling load with cutout size is predicted to then increases monotonically. Similarly, the results pre-
generally diminish as the fiber angleapproaches 0  dict that the stress-loaded anisotropic plates exhibit a
(fig. 1). trend similar to that exhibited by similar stress-loaded

isotropic plates which exhibit a monotonic reduction in

Lin and Kuo also compared the buckling resistance puckling load with increasing/W. The results also pre-
of similar 4-ply antisymmetric and symmetric angle-ply dict that the effect of the cutout on the buckling load
laminates and similar 4-ply antisymmetric and symmet- hecomes more pronounced as the amount of rotational
ric cross-ply laminates. Angle-ply laminates with angles restraint increases and that this effect is more pronounced
of 30°, 45°, and 60 between the fiber directions and the in stress-loaded plates than in displacement-loaded
loading direction were investigated. In each case and forp|ates.
each cutout size, the antisymmetric angle-ply laminates ] )
are predicted to be more buckling resistant than the cor- Jones and Klang also obtained results for elastically
responding symmetric angle-ply laminate. However, the féstrained  [£45/0)]s shear-stress-loaded laminates.
opposite trend is predicted for the cross-ply laminates. ~ These results predict that the effect of bending anisotropy

on the buckling load decreases slightly with increasing

Chang and Shiao (ref. 36) investigated the effects ofcutout size and that the trend is valid for the full range of
anisotropy on the thermal buckling behavior of 2-ply and €lastic restraint.
6-ply antisymmetric angle-ply laminates that have a cen-
tral circular cutout. Simply supported square plates with  Effects of Plate Thickness
relatively small cutout sizesdfiV< 0.3) were investi-
gatgd. Destabilizing membrane forc'es caused_ by CONthickness on the buckling behavior of 6-ply antisymmet-
stramed ther”?a.' expansion and uniform hea‘u_ng WEreic cross-ply laminates that have a central circular cut-
considered. Finite element results were obtained tha

di o t the buckli fout and are loaded in biaxial compression. Laminates
predict greater sensitivity of the buckling temperature \ i, this construction exhibit anisotropy in the form of
with increasingd/W for the plates with more bending-

onal i h h | i bending-extensional coupling. Simply supported and
extensional coupling. Furt ermore, the results pre ICtclamped square plates with relatively small cutout sizes
that the _sensitivity of the buckling temperature to (/W< 0.3) were investigated. The biaxial compression
Ch?‘”ges |rd/W is strongly dependent on th'e fiber orien- 544 was applied by specifying equal uniform stresses on
tation angled in the plates that have a high degree of

. . . , each edge of a plate.
bending-extensional coupling. Chang and Shiao also ¢ P
note that in many cases the buckling temperature can  Finite element results obtained by Lin and Kuo,
increase with increasing cutout size. This trend is similarbased on shear deformation plate theory, predict that the

Lin and Kuo (ref. 27) investigated the effects of plate
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buckling load of the clamped plates is very sensitive to few key aspects of the postbuckling behavior of compos-
the plate width-to-thickness ratt. The results also ite plates that have a central circular cutout. These find-
predict that the buckling load of the corresponding sim- ings are presented in this section of the present paper.
ply supported plates is practically insensitive \t. Results are presented first for compression-loaded square
Furthermore, the results predict a trend of increasing senplates and then for shear-loaded square plates.

sitivity with increasing cutout size for the clamped

plates. Behavior of Compression-Loaded Square Plates

Chang and Shiao (ref. 36) investigated the effects of  The finding that some displacement-loaded plates
plate thickness on the thermal buckling behavior of 2-ply with a large cutout buckle at loads that are substantially
and 6-ply antisymmetric angle-ply laminates that have ajarger than a corresponding plate without a cutout raises
central circular cutout. Simply supported square platessome important questions. These questions deal with the
with relatively small cutout sizes/f¥ < 0.3) were inves-  issye of postbuckling stiffness and load-carrying capac-
tigated. Finite element results that were obtained predlctity; i.e., do plates with large cutouts exhibit stable
that the sensitivity of the buckling temperaturedf®/  postbuckling behavior? Martin (ref. 1) investigated the
increases a@/t increases. This effect is also predicted to posthuckling behavior of square composite plates with a
be more pronounced in the plates with a higher degregentral circular cutout that are loaded in uniaxial com-
of bending-extensional coupling. Finite element results pression by uniform edge stress. Approximate analytical
obtained by Chen, Lin, and Chen _(ref. 39) for simply results were obtained for simply supported-fi&/90k,
supported square [(0/90/0/90)] laminates that are sub-nidirectional ©, and [¢45)} glass-epoxy plates with
jected to a uniform temperature rise predict the oppositeg < ¢/w< 0.5. These results and some corresponding
trend; i.e., the sensitivity of the buckling temperature t0 experimental results indicate that the plates exhibit stable
d/W decreases slightly a§lt increases. postbuckling behavior for all cutout sizes considered.

Ram and Sinha (ref. 43) investigated the effects of Moreover, the analytical results predict a trend of mono-
plate thickness on the buckling of square simply sup-fonic reduction in postbuckling stiffness with increas-
ported plates that are subjected to hygrothermal loadsinNg cutout size. Analytical results were also obtained for
Results for [(0/904 and [¢45),]1 graphite-epoxy lami- [(0/90)]T. boron-epoxy plates that predlgt large out-of-
nates predict that the buckling behavior of thin laminates Plane displacements at the onset of loading and a general
with a cutout is extremely sensitive to moisture content, frend of monotonic reduction in apparent in-plane stiff-

Moreover, this effect becomes more pronounced as the'€ss in the loading direction with increasing cutout size.

cutout size increases. VandenBrink and Kamat (refs. 14 and 15) investi-

gated the postbuckling behavior of compression-loaded
square plates that have a central circular cutout. Results
Hyer and Charette (ref. 28) and Hyer and Lee of finite element analyses were presented for simply sup-
(ref. 40) have studied the use of curvilinear fiber geome- ported isotropic plates and-+g0)5/(-605)ls graphite-
try in the laminate construction of square composite epoxy plates. The finite element meshes used in the anal-
plates that have a central circular cutout. Compres-yses were 1/4-plate models that exploit the behavior of
sion displacement-loaded graphite-epoxy plates with orthogonal planes of reflective symmetry or antisymme-
d/W = 1/3 and simply supported on all edges were inves-try. However, these particular angle-ply laminates are
tigated. Finite element results predict that significant highly anisotropic and do not exhibit behavior consistent
improvements in the buckling resistance may be possiblewith the symmetry of the mesh. The results are more rep-
by using curvilinear fiber geometry in laminate construc- resentative of [60)]g laminates, which possess much
tion as compared to conventional straight-fiber laminate less bending anisotropy.
construction. Furthermore, some laminate designs are
given that are predicted to have improved tensile load
capacity in addition to improved buckling resistance.

Unconventional Laminate Construction

Results obtained by VandenBrink and Kamat for iso-
tropic plates without a cutout predict that square stress-
loaded plates have slightly less postbuckling stiff-
nessthan corresponding displacement-loaded plates.
This finding is consistent with the fact that the stress-
There are substantially more studies of buckling loadedplate has more centrally located compressive
behavior than of postbuckling behavior of composite stresses since the applied traction remains evenly dis-
plates that have a cutout. Moreover, most of the studiedributed across the width during loading. Results for
of postbuckling behavior are for compression-loaded displacement-loaded isotropic plates withv=0, 0.2,
square plates, and not many of those studies identify0.4, and).6 and for stress-loaded+f0)]g laminate
behavioral trends. However, the studies have identified aplates withd/W =0, 0.2, and 0.6 predict that all the plates

Postbuckling Behavior Results
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exhibit stable postbuckling behavior. Moreover, the Nemeth (ref. 31) experimentally investigated the
results predict a trend of monotonic reduction in post- postbuckling behavior of square compression-loaded
buckling stiffness with increasing cutout size. In addi- graphite-epoxy plates that have a central circular cutout.
tion, the results predict that the isotropic plates areResults were obtained for displacement-loaded isotropic
relatively stiffer than the angle-ply plates for each cutout plates, unidirectional 0and 90 laminates, [(0/9Q)s
size. laminates, and #B)g]lg laminates with® =30°, 45,
o and 60 (fig. 1). The test specimens were clamped on the

Larsson (ref. 20) conducted finite element analyses|ggged edges and simply supported on the unloaded
of simply supported square plates that have a central Cirgqges. These results show stable postbuckling behavior
cular cutout and that are either uniaxially or biaxially o, a1l the plates, and many of the plates with large cut-
stress loaded. Isotropic plates and specially orthotropicyts exhibit substantial postbuckling load-carrying abil-
plates made of boron-epoxy material were investigated.jty The results also show that the laminates @ith45°
Results were obtained for plates wdfw=0 and 0.6.  anq 60 and withd/W=0.66 exhibit substantial nonlin-
These results predict stable postbuckling behavior for allg5, prebuckling deformations caused by material nonlin-
the plates and substantial losses in postbuckling stiffnes%arity. With respect to overall trends, the results
caused by the cutout for the uniaxially loaded plates. gaperally show a monontonic reduction in initial post-
Moreover, the results predict that the sensitivity of the p,ckiing stiffnesses with increasing cutout size for all
postbuckling stiffness to cutout size diminishes when theplates except the unidirectional *9iminates. These
plates are loaded biaxially. The results also generally|gminates exhibited sizable increases in initial postbuck-
predict slightly larger relative losses in postbuckling |ing stifiness with increasing cutout size. The unidirec-
stiffness for the boron-epoxy plates than for the isotropiCtignal @ laminates and the laminates with= 30°

plates. exhibited the smallest changes in initial postbuckling
Marshall and his colleagues (ref. 19) investigated thestlffrjess with increasing cutout SIZ€. Moreqvgr, the 150~
9 ( ) 4 tropic plates and the [(0/94} laminates exhibit practi-

effects of circular cutout size on the postbuckling ; ; N .
membrane stress distribution at the plate midlength forCé_IIIy the same relatl\(e reductlon_s in initial postbuckling
stiffness with increasing cutout size.

displacement-loaded square plates. Specially orthotropic
plates made of glass-polyester material, vait¥/= 0.2 Lee and Hyer (refs. 41 and 42) investigated the
and 0.4, and having simply supported edges were investieffects of laminate stacking sequence on the postbuck-
gated. Both analytical and experimental results for theling failure characteristics of compression-loaded square
plate with d/W=0.2 show normal stress distributions plates that have a central circular cutout vadtiV/ = 0.3.

that are typical of plates with a small cutout; i.e., a stressSixteen-ply [¢45/0/90)]s, [(¥45/0,),]s, [£45/0]s, and
concentration next to the cutout for loads near the bUC|(-[(i45)4]S graphite-epoxy laminates were investigated.
ling load and most of the load at the unloaded edges forThe plates were displacement loaded and clamped on the
loads approximately three times the buckling load. How- |gpaded edges and simply supported on the unloaded
ever, the results show a general trend in which the noredges. All the laminates with® @lies failed at loads
mal stress at the cutout and the normal stress at theearly seven times their corresponding buckling loads.
unloaded edges increases and decreases in magnitudghe [45),], laminates exhibited material nonlinearity
respectively, asl/W increases. Thus, the plate with the and failed at loads nearly four times their buckling loads.
larger cut- ouhas a significantly different stress distribu- Moreover, the [£45/0/90)]s and [(45/0,),]s laminates

tion at the cutout. exhibited fiber compression failures at the midlength of
one or both unloaded edges of the plates. E48/(;] g

and [&45),] 5 laminates exhibited interlaminar shear and
intralaminar shear failures at the unloaded edges of the
plates, respectively.

Horn and Rouhi (refs. 29 and 30) investigated the
postbuckling behavior of square compression-loaded
laminates with a central circular cutout. Sixty 16-ply
graphite-epoxy and graphite-thermoplastic laminates and
similar aluminum plates were tested for cutout sizes up to
d/W=0.7. The test specimens were displacement loaded
and clamped on the loaded edges and simply supported Herman (ref. 5) investigated the postbuckling behav-
on the unloaded edges. The experimental results showior of square graphite-epoxy shear webs with a central
that all the panels carried a load several times the correeircular cutout. Experimental results were obtained for
sponding buckling loads. In addition, the results show displacement-loaded [(4®)]s laminates made from
that the ultimate load of the plates decreased monotonigraphite-epoxy cloth withdW=0 and 0.45. These
cally with increasing cutout size. This trend was more results show that the plates with the large cutout exhibit
pronounced for the aluminum and graphite-thermoplasticstable postbuckling behavior and substantial postbuck-
plates than for the graphite-epoxy plates. ling strength. In particular, these plates carried loads
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nearly 11 times their corresponding buckling loads. structural designers and to stimulate the development of
Results for corresponding plates without a cutout exhib-innovative designs.
ited nearly double the postbuckling load-carrying capac-

ity of the plates witl/W = 0.45. Another important point that surfaced in the present

paper is the basic lack of knowledge concerning the post-
Rouse (ref. 34) basically conducted an experimentalbuckling behavior of composite plates that have a cutout.
investigation of the effects of laminate stacking Ultimately, to obtain high-performance lightweight
sequence, material system, and circular cutout size on thétructures, postbuckling load-carrying ability must be
postbuckling of shear-loaded square plates. Experimentagxploited. Thus, to develop innovative designs, post-
results were obtained for several different quasi-isotropicbuckling behavioral trends for composite plates that have
and symmetric laminates made of either graphite-epoxya cutout must be established and experimentally verified.
or graphite-thermoplastic material. The experimental
results show a trend of monotonic reduction in ultimate
load with increasing cutout size for both material sys-
tems. Results for 16-ply [(0/2945)]5 graphite-epoxy
laminates withd/W =0, 0.08 and 0.25 also show a trend
of increasing postbuckling stiffness with increasing cut-
out size. However, results for 24-ply [(0/285)]g
graphite-epoxy laminates witt¥W =0, 0.06, and 0.25
show a trend of decreasing postbuckling stiffness with
increasing cutout size. Similar plates made of graphite-
thermoplastic material showed the same trend.

In closing, results discussed in the present paper
indicate that plates made of advanced composite materi-
als have great potential for structural tailoring. This fact
alone has great practical implications. To realize this
potential, considerable research still must be done to
obtain a unified understanding of the many facets of
buckling and particularly the postbuckling behavior of
composite plates that have a cutout.

NASA Langley Research Center
) Hampton, VA 23681-0001
Concluding Remarks February 29, 1996
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