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Compressive Behavior of Multiply Delaminated Composite
Laminates Part 1: Experiment and Analytical Development

Hiroshi Suemasu,* Tatsuya Kumagai,” and Katsuhisa Gozu*
Sophia University, Tokyo 102, Japan

The basic mechanics and mechanism concerning compressive stability of composite laminates with multiple
circular delaminationsis studied analytically and experimentally. An experimental program, employing two types
of quasi-isotropic laminates with a conventional and toughened epoxy resin, is used to evaluate the validity of the
mechanistic model and further demonstrate the accuracy of finite element analysis conducted in the associated
paper. Embedded delaminations are introduced at regular intervals in the thickness direction. The loading edges
are fixed, and the side edges are simply supported. Although the buckling load does not depend on the matrix
resin toughness, the strength is affected by the toughness. In the analysis, a buckling equation is derived using
the Rayleigh-Ritz method, based on classical plate theory and solved as an eigenvalue problem. This method is
chosen due to its efficiency. As the buckling mode of the lowest buckling load becomes physically admissible due
to the assumptions of equally spaced delaminations and the classical plate theory, the contact problem does not
need to be considered, that is, all of the delaminated portions deform by the same amount and do not overlap one
another even without any constraints. The buckling loads analytically obtained agree well with experimental and
finite element results described in the associated paper. The effects of size and number of circular delaminations

on the buckling and failure load are also discussed in detail.

I. Introduction

IGNIFICANT loss of compressive strength for composite lam-

inates subjected to low-velocity impact of a foreign object,
known as compression after impact (CAI), is an important issue
in the design of composite structures, as the decreased compressive
strength often becomes of critical concern.

Delamination beneath the impact point is thought to be the main
reason for significant reductions in compressive strength for dam-
aged plates, and the effect of a delamination or delaminations on
buckling and postbuckling properties of composite plates has been
studied analytically and experimentally by many researchers. In
particular,one-dimensional-beam-type models of delaminated lam-
inates have been investigatedby many workers due to the simplicity
of the modeling, e.g., Refs. 1-6. Although these studies have shown
the possibility of significant decreasesin compressive buckling and
postbucklingproperties,the model cannotexplainthereal CAI prob-
lem well, and so research on two-dimensional-plate-type modeling
is thoughtnecessary. Analytical and numerical work on the effect of
delamination on compressive behavior for two-dimensional plates
has been limited to special cases. For example, Chai and Babcock’
and Yin and Jane® analytically studied compressive buckling be-
havior for surface elliptical delamination using the Rayleigh-Ritz
method, whereas Whitcomb and Shivakumar® studied a similar
problem numerically by the finite element method. Shahwan and
Waas!® considered the contact problem when the postbuckling be-
havior of surface delamination was investigated. Suemasu!! *!* and
Suemasu et al.'"* also studied the buckling and postbuckling re-
sponse of square plates with a through-width delamination using
the Rayleigh-Ritz method and showed that coupling of the lo-
cal and global deformation played a critical role in buckling and

Presented as Paper 94-1368 at the AIAA/ASME/ASCE/AHS/ASC 35th
Structures, Structural Dynamics, and Materials Conference, Hilton Head,
SC, April 18-20, 1994; received May 20, 1997, revision received March 1,
1998; accepted for publication March 27, 1998. Copyright © 1998 by the
American Institute of Aeronautics and Astronautics, Inc. All rights reserved.

*Professor, Department of Mechanical Engineering, Faculty of Science
and Technology, 7-1 Kioi-cho Chiyodaku. E-mail: suemasu@hoffman.cc.
sophia.ac.jp. Member ATAA.

TGraduate Student, Department of Mechanical Engineering, Faculty of
Science and Technology, 7-1 Kioi-cho Chiyodaku.

#Research Associate, Department of Mechanical Engineering, Faculty of
Science and Technology, 7-1 Kioi-cho Chiyodaku.

1279

postbuckling behavior. Klug et al.!> recently investigated the post-
buckling response of a plate with an elliptical delamination using a
finite element method and discussedthe stability of the delamination
crack using an energy release rate distribution.

Impact tests, e.g., Refs. 16-19, have shown that multiple delam-
inations, which are relatively small in size compared to the plate,
were producedat the impact pointin CF/epoxy plates, with the com-
pressive strength being reduced to approximately one-third that of
the virgin plates. The reduction in compressive strength following
impact was attributed mainly to the existence of multiple delami-
nations. Thus, the effect of multiple delaminations on compressive
behavior for composite plates should be further investigated.

Suemasu®® previously has analytically studied the effect of mul-
tiple delaminations on the buckling behavior of rectangular plates.
The present work is concerned with the multiple circular delami-
nations on compressive buckling and failure loads, which are stud-
ied experimentally in combination with an analysis based on the
Rayleigh-Ritz method. Validity of the present analysis was also es-
tablished through comparison with finite element results obtained
in a companion paper.?!

I1.

A. Specimen and Test Setup

Plain-woven, fabric-reinforced, composite quasi-isotropic lami-
nates (Toray T400 carbon/epoxy, 12 plies, V, ~ 50%, [0, 90/£45/
0,90/£45/0,90/+45 deg],), which included five equally spaced
circular delaminations, were prepared for the experiment. Speci-
mens were prepared using either toughened (A specimens) or con-
ventional (B specimens) epoxy resin. Elastic constants for both
types of specimens were found to be almost equal, i.e., E, = Er =
41.9 GPa and v; ;7 =0.31 (A specimens) and E; = E; =41.8 GPa
and v,y = 0.32 (B specimens), where L and T denote the loading
and transverse directions, respectively. Delaminations were intro-
duced into the specimens through placementof two thin (20.03 mm
thick) Teflon® sheets with delamination size and plate thickness as
shown in Table 1. Specimen thickness was chosen to be approxi-
mately 2.5 mm following considerationof the test apparatus capac-
ity. The specimens (see Fig. 1) were cut from 300 x 300 mm plates
for delaminations to be located at the specimen center. The test re-
gion was set to be 150 x 100 mm with the plates clamped at their
ends (20-mm width) using steel blocks and then supported 3 mm
from both sides by the use of two round edges (Fig. 2) in accordance
with a widely used standard experimental technique for measuring

Experiment
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Table 1 Dimensions of tested specimens

Specimen Prepreg Delamination Plate
number name diameter 2¢, mm thickness 7, mm
A0 _ 2.51
A10 F373-30K 10 2.48
A20 20 2.50
A30 30 2.51
BO _ 2.63
B10 F373-06M 10 2.63
B20 20 2.64
B30 30 2.65

Clamped Area 4
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Fig.2 Schematic of test fixture.

the CAI strength of laminated plates.22 Solid lubricant (MoS,) was
used along the supported line of the specimen to minimize the fric-
tion, whereas a slight gap was necessary between the knife edges
and specimen to avoid any large compressive force due to the Pois-
son effect under loading. This latter procedure was thought to be
the main reason for considerable initial imperfection and/or mis-
alignment in the present experiment. Testing of the specimen was
undertakenusing a cross-headspeed of 0.1 mm/min (Shimadzu Au-
tograph 10TB). Transverse deflections were measured with special
attention at the center of both front and back specimen surfaces us-
ing noncontact displacement meters (Emic NPA-100) because the
delaminated portions were thin and, thus, sensitive to any lateral
forces. The bars connecting the steel round plates with the speci-
men were supported by ball bearings to minimize the friction due
to the horizontal movement. The test data were stored in a personal
computer for further analysis. The experimental setup is shown in
Fig. 3.

Fig.3 Photograph of the test setup.

70 T
A-Specimen
60F
sof Y -
3
> 40+ E
id/ L
T 30p . .
Q { ~
— /AN L
20k ) ) no delamination i
) //‘ ------------- 2¢=20mm
Lol e 2¢=30mm |
) s | s |
Q1 0 1 2

Center Deflection (mmy)

Fig.4 Compressive load vs center deflection for the specimens.

B. Experimental Results

The relationship between load and center deflections is plotted
in Fig. 4. The specimen with no delamination buckled to symmet-
ric shape at approximately 32 kN, showed snap-through behavior
from symmetric to antisymmetric at 40 kN, and failed at 62 kN.
The buckling load for this specimen was about 10% lower than the
theoretical value. Differences between the measured deflections at
the front and back surfaces were attributed to the accuracy limit
of the displacement meter used and possibly the inclination of the
measured points of the plate. Only one of the four undelaminated
specimens showed snap-through secondary buckling, whereas the
others gradually changed their deformed shape from symmetric to
antisymmetric. Because the initial imperfectiondetermines whether
snap-throughsecondary buckling occurs, it may be said that the ini-
tial imperfections of the plate were not particularly small. However,
thisbehavioris notcritical to the failure process. Not all delaminated
specimensthatbuckledat lowerloads,comparedto the plate without
delaminations, showed unstable snap-through secondary buckling,
butinstead they gradually changed their deformed shape from sym-
metric to antisymmetric. The center deflection of the specimen with
2¢ =20 mm grew slightly before it decreased due to an increase
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Fig.5 Compressive load vs end shortening for the specimens.

in the antisymmetric component. The degree of center deflection
differed significantly between specimens, as might be expected, be-
cause the compressive behavior around the buckling point is known
to be sensitive to the initial imperfections and misalignment. The
delaminations were believed to open slightly on the antisymmetric
postbucklingpath. All of the specimens with an antisymmetricshape
failed at a load twice as high as the bucklingload of the virgin plate.

The relationshipbetween the load and loading edge displacement
is presented in Fig. 5. Following buckling, the apparent stiffness of
the specimen without delamination was reduced by approximately
30% in the symmetric-dominantdeformationregion and 60% in the
antisymmetric-dominant portion. The curve for 2c = 10 mm is not
plotted in Fig. 5 as it was almost identical to that of 2¢ =0. The
stiffness reduction was only slight for the plate with 2¢ =30 mm
justfollowing the buckling, which occurred at approximately 13 kN.
This is because only the delaminated portion was unstable, whereas
the remainder of the plate still possessed significant load-carrying
capacity.

Photographs of failed specimens are shown in Figs. 6 and 7, with
all cases indicating unstable fracture to have occurred. Specimens
withouta delamination and those with small delaminations,i.e., A0,
A10,A20,B0, and B10, failed at a position approximately one-third
of the plate length from the fixed edge, probably due to the bending
stress. In the case of specimens with large delaminations,i.e., A30,
B20, and B30, the instability of multiple delamination cracks was
thoughtto be the trigger for final failure, with delaminations having
spread in the transverse direction.

Buckling and failure loads are plotted against the diameter of the
multiple delaminations in Fig. 8. The buckling loads were derived
from the relationshipbetween the measured load P and squared de-
flection 2. The bucklingload reduction with respectto delamination
size was similar for both the A and B specimens. However, failure
loads for the B specimens (with conventionalepoxy resin) were sub-
stantially lower than those of the A specimens (with tougher resin)
when the delaminationsize was large. For example, the failure load
for A specimens decreased only 10% for the case of 2¢ =30 mm,
whereas the reduction was approximately 30% for the respective B
specimens. It was concluded that the buckling load reduction was
significant when the diameter of the delaminationsexceeded a cer-
tain value, which did not depend on the interlaminar toughness of
the specimen. However, the strength of the delaminated plate was
found to depend on the interlaminar toughness.

III. Analysis

A rectangular transversely isotropic plate fixed along its loading
edges and simply supported on its side edges, as shown in Fig. 9,
is analyzed following the conditions of the preceding experiments.
The plate is assumed to be homogeneous with N — 1 circular de-
laminations of the same radius ¢ and center coordinates (xy, o).
The delaminated area is divided into N portions of equal thickness.
The classical plate theory is used, and Kirchhoff’s hypothesisis as-
sumed even in the neighborhood of the delamination edges. Also,
stress concentrations near the crack fronts are not considered. The
undelaminatedportionis denoted by 0 and the delaminated portions
by/=1,2,...,N.

A-20

A-30

Fig. 6 Photographs of failed specimens with the tougher resin.

Boundary conditions about the out-of-plane displacement w at
the loading edges (x =0 and a) and side edges (y =0 and b) are,
respectively,

wo = wo,x = 0, Wo = Wo,yy =0 (1)
Boundary conditions for the in-plane displacements # and v are
given by

MU(LL )’) - MU(()? )’) = —dag
)

vo(x, b) — vo(x, 0) = vy, beg

where a and b are the plate length and width, respectively. The value
of agy in Eq. (2) is a prescribed end shortening, whereas values with
subscript0 are the undelaminatedregion. The parameter g, is an av-
erage strainin the x directionwhen the plate does not deflect, and the
inplane shear stress 7, is assumed to be zero at all of the boundaries.
Subscripts following the commas in Eq. (1) denote differentiation
with respect to those subscripts. Using Kirchhoff’s hypothesis, the
continuity conditions about the displacements between the /th de-
laminated portion and the undelaminated portion along the circular
delamination edge [(x — x¢)> + (y — Yo)*> = ¢*] may be simply
expressed as

Wy = Wy, Wo,n = Win 3)

Uy =ug — 2 Wy, Wy @)
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Fig.7 Photographs of failed specimens with conventional resin.
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Fig. 8 Effect of delamination diameter on buckling and failure loads
for the A and B specimens.
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where the subscript n following the comma denotes differentia-
tion with respect to a coordinate of the outer normal direction
of the delamination boundary. Values followed by a subscript
I(I=1,2,...,N) relate to the Ith delaminated portion. In the
present analysis, only the case of multiple delaminationslocated at
the plate center is considered, that is, xo=a/2 and y, =b/2. Be-
cause no load is initially applied to the plate, the potential energy I1
is equal to the total strain energy and is expressed as

1 N
n= EZ// [{e) [Ale} + (k) [D){k}1dxdy (5
1=0 S1

where the matrices [A] and [D] are in-plane stiffness and bend-
ing stiffness, respectively, for each portion /. As the Rayleigh-Ritz
method is applied, kinematically admissible displacement fields
shouldbe defined. This may be easilyrealizedby superposingglobal
mode functions, which satisfy the boundary conditions of Egs. (1)
and (2), and local mode functions, which satisfy conditions similar
to fixed boundary conditions, that is, displacements u, v, and w in
the x, y, and z directions and the slope w ,, at the delaminationedges
are all zero:

Wy = th¢m (S» }’})

wy = h[Wn1¢m (S» }’}) + W,;I)d;m (S? T})]

(6)

o = —eox + (W /@)U,y Y1, (§, 1)

u = —gox+ (/) [U, ¥ €, ) +UL Y, E ) — s, W8, (€, 1)]
)
Vy = Vz?()y + (hz/b)vm(pm(g» }’})

v = vepy + (W2 /D) Ve (€, ) + VPG, (5, ) — 5; Wb, (8, 0)]

where W,,, WO, U, UD, V,, and V(D are generalized coordi-
nates to be obtained. The generalized coordinates with superscript
(1) are the Ith delaminated portions, ‘whereas functions following
the generalizedcoordinates ¢, (§, 1), ¢, (&, n), ¥ (§, ), ¥, (5, 1),
on (&, 1), and @, (§, n) are the corresponding mode functions. The
functions denoted by a bar are the local mode functions, which are
zero outside the delaminated portion. The terms s; W,, g, (€, n) and
§; Wyh,, (&, n) are introduced for in-plane displacement to satisfy
continuity conditions along the delamination edges when out-of-
plane displacement occurs. The parameter s; (=z;/h) is the nor-
malized position of each delaminated portion, / is a plate thickness,
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and & (=x/a) and n (=y/b) are normalized coordinates. A summa-
tion conventionrule is adopted for convenience.The mode functions
are

¢ (&, m) = [cosm (k,, — 1)§ — cosm(k, + 1)§]sinml,n
Y (§,m) = sinwk,,§ cosml,n

©m(&, n) = cosmky,& sinml,n
3)

G &) = e, M Py, [ — &)/B1P,, [(n — n0)/B]
V& ) = e(&, n) Py, [(E — &)/BIP, [(n — n9)/B]

om(&, ) = e, )P, [(E — &)/B1P,[(n — no)/ Bl
where &, (=xq/a) and n, (=Y, /b) and

_ §— & vy —§&
8m (Sa 77) - ¢m.£($La 77) %_U — %_L + ¢m.§ (SUﬁ 77) %_U — %_L
T B 1) = Gn 1) o (& )
Nu — ML Nu — ML
and where
P (t) = cos[(km /2)(z + 1)]
e, n)

1—(1/B)[( —&)*+ (n—19)*] in the delaminated area
= 0 outside the delaminated
area

£y

}=$oi B2 — (n — no)?
&

Nu

}=noi B — (£ — &)?
Ups

with B =c/b the normalized delamination radius. The implicit
numbers k,, and [, are chosen appropriately depending on the
type of bucklingload to be analyzed. For example, (k, /1) = (1, 1),
(ky, 1) =(1,3), (k3, 13) =(3, 1), ..., shouldbe selectedforthe case
when symmetric buckling load is requested. As the local mode
functions are multiplied by e(£, n) or [e(€, n)]?, they satisfy the
conditions for local mode functions. Thus, the function P; has no
necessary condition and is satisfactory only if the functions are in-
dependentof each other. By substituting Egs. (6) and (7) into strain-
displacement relationships, curvatures and in-plane strains can be
expressed with respect to the generalized coordinates as

K;,Iy) = W = _(h/az)(Wn1¢n1.SE + W,fll)d;m_gg)
Kgﬂ) = —Wyy = _(h/bz)(Wn1¢n1.nn + erll)d;m.nn) (9)

K,(Iy) = W,y = _(h/ab)(Wn1¢n1.Sn + Wpfll)d;m.sn)

8,((3) = Upx + %wiy = (h/a)Z [_)‘(a/b)z + Um l/fm.s + Urgll).&m.é
+ kl Wm gm.S + %(Wm Wn¢m.§¢n.§ + 2Wm Wyfl)gbm.éggn_g
+ WIEII) erl)d;m.sgl;n.f)]
8%) = Uy + %w?_y = (I/Z/b)z[v)L + Vm(pm.ry + Vn(ll)(;m.ry
Ak Wty + 5 (W Wansy Gy + 2Wu W 0y, (10)
+WOW6,000)]
V:;é =Ujpy + Ul,x + Wy xWy,y
— 2 17 .7
- (h /ab)[Um‘//m.n + Vm(pm-f + Um Ipm.r] + Vm wm.E
+ kl Wm (gm.r] + hm.S) + Wm Wn¢m.£¢n.ry + Wm W,El)gbm.éggn_n

+ WIEII) Wﬂd;m.fd’n-ﬂ + Wn(ll) erl)d;m.fggn.é]

y

a) b) ¢) d)
Fig. 10 Schematic of possible buckling modes.

where A is the nondimensional end shortening and
L= (b/h) e

Substituting Egs. (9) and (10) into the potential energy function
IT and neglecting higher-order terms, a quadratic expression was
obtained for total strain energy with respect to the generalized
coordinates:

IT = Aj;q:q9; + Bijtit; + Cijq;t; + AD;ijqq; (11)

where the g; represent the generalized coordinates W,, and W
and the #; represent the generalized coordinates U,,, U, V,,, and
WD respectively. The global in-plane generalized coordinates U,
and V,, need not be considered because they do not couple with the
out-of-plane generalized coordinates g; when only buckling analy-
sis is performed. After differentiating the total potential energy I1
by ¢; and conducting some manipulations, a standard eigenvalue

equation may be obtained, that is,
[(A; + B,'CyCyj) +AD;]g; =0 (12)

All delaminatedportions deformto the same shape, and no delam-
ination opens or overlapsin both the symmetric and antisymmetric
buckling modes of the lowest buckling load. When only the lowest
buckling load is requested, the delamination opening and contact
problem need not be considered. For this case, all of the gener-
alized coordinates relating to the local transverse deflection W
coincide. The in-plane displacements U") and V' in the delami-
nated portions caused by transverse deflection due to buckling are
proportionalto z; because the in-plane displacements within the de-
laminated area are related only to the in-plane displacementsalong
the delamination edges caused by the rotations w , and w ,. Thus,
we can impose the following simplified relations on Egs. (6) and
(7) and substantially reduce numerical effort without any increase
in the fundamental buckling load:

1 7 1 (/ I 7,
U =s,U0,, Vi) =5V, W =w,

I=1,2,...,N) (13)

where U,,,, \7,,,, and Wm are common local coordinates to all of the
delaminated portions.

The other buckling deformations shown schematically in
Figs. 10b-10d may be realized, depending on initial imperfections,
when the bucklingload is slightly higher than for the lowest case for
the bucklingmode in Fig. 10aforlarge N, on the conditionthat plate
theory is used. The buckling load obtained based on the condition
of Eq. (13) is still useful to estimate the load at which the transverse
deflection becomes notable because of its simplicity and because no
contact condition must be considered.

IV. Results and Discussion
Because deformations observed in the experiment were not only
symmetric but also antisymmetric about the line x = a /2, both sym-
metric and antisymmetric buckling behaviors were studied. The
mode functions ¢y _ ;-1 and ¢, _,,,_; were used for the
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symmetric buckling analysis, whereas ¢ 2 -1 and </;2k_2,_1 were
adopted for the antisymmetric buckling analysis. Convergence of
the buckling load with respect to the number of mode functions
was quite smooth,?’ with 16 local mode functions (k <4,/ <4)
being sufficient for use in both symmetric and antisymmetric buck-
ling analysis. For symmetric and antisymmetric buckling analy-
sis, 64 (k < 8,1 <8) and 100 (k < 10, [ < 10) global mode functions
were used, respectively. Both symmetric and antisymmetric buck-
ling modes (of the lowest buckling loads) are physically admissible
because of the equal-space assumption of multiple delaminations,
as explainedin the preceding section, and the contact problem need
not be considered. The buckling analysis hereafter is based on the
assumption of Eq. (13). If a very accurate value of the buckling
load is not necessary, then many of the functionsused in the present
analysis are not required.

A nondimensional buckling load S, {= P../[Ebh(h/b)?]} is in-
troduced to compare the experimental results with the analytical
ones. When the present in-plane boundary condition is studied, this
nondimensional buckling load coincides with the normalized end
shortening A, introducedin the analysis. Nondimensional buckling
loads obtained from the experiment and from the present analy-
sis are plotted in Fig. 11 with those from nonlinear finite element
analysis>! The buckling load can be derived from the postbuck-
ling path of the squared deflection and applied load, which tends
to be straight in the case of plate buckling under compression. The
accuracy of the bucklingload obtained from the presentanalysis de-
pended on the delamination size, that is, buckling modes observed.
The buckling load for undelaminated plate from the present analy-
sis (a typical global dominant-mode buckling) was approximately
3% higher than that from the finite element analysis. When the de-
lamination diameter was large and 0.4 times plate width (a typical
local dominant-modebuckling), the difference was very small (only
0.9%). When the diameter was 0.2 times the plate width (strong
coupled global-local mode buckling), the error of the present anal-
ysis became slightly higher (approximately 5.3%) and the accuracy
was slightly poorer. Considering its simplicity and efficiency, the
present analysis has some merit. Buckling loads for undelaminated
plates obtained from experiments were approximately 10% lower
compared to the present analysis, and the case of 2¢ =30 mm was
considerably lower than that obtained from the analysis. Differ-
ences between results for the undelaminated plates were mainly
attributed to the incomplete fixed condition. The low buckling load
for the delaminated plate was caused by thinner delaminated layers
than expected because total thickness of the inserted Teflon sheets
(10 x 0.03 mm) was more than 10% of the plate thickness, and the
delaminated layers seemed to be compressed during fabrication. In
the analysis, the symmetric buckling load was always slightly lower
compared to the antisymmetric case and was different from the
buckling problem of beam plates with multiple delaminations® In
the experimentshown in Fig. 4, the center deflection of the frontand
back surfaces of the delaminated plate first grew in the same direc-
tion and then started to decrease. Experimental results that the plate
became unstable in the symmetric mode with closed delaminations
agree well with the analysis.

7 T ,.. T T T T T T
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Fig. 12 Comparison of symmetric and antisymmetric buckling loads
for global and local modes when N = 4 and 8.
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Fig. 13 Nondimensional buckling load vs normalized delamination
diameter.

Local buckling and (global) buckling loads are plotted in Fig. 12
for N =4 and 8. The local buckling load was obtained through the
use of only local-mode functions. The effect of global deformation
onthe bucklingload, which was fairly significant when N was small,
became unimportant when N was large, and the local buckling load
was found to be a rough estimate of the reduced buckling load.
The local buckling load, which may be easily obtained from the
circular plate buckling strain of the delamination size with a fixed
boundary, can be used as an approximate estimate of the buckling
load for multiply delaminated composite plates due to impact when
the number of delaminations is large. This is an important point
because the CAI strength for composite laminates subjected to an
impact load is significantly reduced compared to the virgin plate
and can be roughly estimated from local damage data, such as the
size and number of delaminations, without the global plate data,
such as the plate size and boundary conditions. However, in reality,
the true strength is slightly higher than the buckling load and must
be determined precisely by checking whether the energy release
rate exceeds the interlaminar toughness of the laminate, or else the
maximum stress reaches the laminate strength.

Nondimensionalbucklingload is plotted against the delamination
diameterin Fig. 13. The bucklingload is significantly reduced when
the delaminationsize exceeds a certain value, which depends on the
number of delaminations. The reduction becomes more significant
when the number of delaminations N is large. For example, when
N =2, the antisymmetric buckling load is smaller than the symmet-
ric load when 0.2 < 8 < 0.4, whereas the symmetric buckling load
is always smaller compared to the antisymmetric case when N > 4.
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Normalized Total Delamination Area (N-1)7 82
Fig. 14 Nondimensional buckling load vs total delamination area.

6 . . . : T . . . .
Circular Delaminations

Symmetric buckling

/
Antisymmetric buckling

Nondimensional Buckling Load S,

0 1 2
NX 3
Fig. 15 Nondimensional buckling load vs product of the number of
delaminations and delaminationradius N X 3.

The buckling load is plotted against the total area of delamina-
tion in Fig. 14. When the total area of delaminations is constant,
bucklingload reductionis more significant as the number of delam-
inations increases. Because the total delamination area is known to
be approximately proportionalto the impact energy, a laminate with
more interlaminar surfaces would have a greater reduction in com-
pressivestrength. The bucklingload is also plotted against N x g in
Fig. 15. The parameter N x B can be said to be a governing factor
for the buckling load of multiply delaminated plates over which the
bucklingload starts to reduce, being approximately 0.7 when N > 4.

V. Conclusions

Results for the present Rayleigh-Ritz analysis agree well with
experimental data. From the present experimental and analytical
study, the following conclusions may be stated.

1) The compressive strength of a composite plate with multiple
delaminations, whose failure is initiated by delamination propaga-
tion in the transverse direction, may be significantly improved by
the use of a tough resin.

2) Plates with multiple delaminations buckle in a symmetric
shape. However, their shape gradually changes with increasingload
from symmetric to antisymmetric.

3) The buckling load of a plate decreases with increasing num-
ber of multiple delaminations for a given total delamination area.
The buckling load is governed not by the total delamination area
but by the product of the number of delaminated portions and the
delaminationradius (N x B).

4) Local buckling strain of the circular fixed plate may be used
as a first approximation to the buckling load of delaminated plates
due to impact as the number of delaminationsis usually large.
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