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Local Buckling of Delaminated Composite Sandwich Plates
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A two-dimensional model of the delaminated face sheet of sandwich plates for predicting local buckling using
continuous analysis is presented. The analysis procedure can handle without difficulty sandwich plates having
single or multiple embedded delaminations of various shapes and sizes at any locations. The continuous analysis
treats the delamination between a face sheet and the core as a continuous system of a perfectly bonded laminate
on the core but with an added fictitious force system to make interfacial tractions to vanish over the delaminated
region. The method presented in the study is straightforward, simple, and accurate for determining the buckling
load of delaminated sandwich plates. A number of numerical results accounting for the effects of transverse normal
and shear stiffnesses of the core on the buckling load of sandwich plates having delaminations of various shapes
and sizes at different locations are presented. The illustrative examples indicate that the present method is effective

and useful for practical applications.

Nomenclature
Ay = laminate extensional stiffness
Acr = effective contact area of core per unit area of face
plate
a,b = length and width of rectangular sandwich plate
ay, by = length and width of rectangular delamination

c = thickness of core

D;; = laminate bending stiffness

E, = Young’s modulus of core in the z direction

G,., G,, =transverse shear moduli of the core

ky = transverse normal resistance of core, = E. - Ayy/c

k¢,5¢, 5,  =nondimensional transverse normal and shear
stiffnesses of core; ky = k;b/Epm,
5S¢ =Spb/Eym,and 5, = 55,0/ Eom

N = number of discrete points taken in the delaminated
region

P, = uniaxial buckling load in the x direction

q(x,y) = distributed transverse force from the foundation

qi = added transverse forces at discrete points in the
delaminated rcgion

R(x,y =y component of transverse shear stress from the core

R; = added transverse shear force in y direction at ith

discrete point in the delaminated region
= radius of circular delamination
t = thickness of face shect

u, v, w = displacements of face sheet
Vix,y) = x component of transverse shear stress from the core
Vi = added transverse shear force in x direction at ith

discrete point in the delaminated region

Introduction

ELAMINATION is one of the masi.common flaws in com-

posite structures. Delaminations may.occur as a result of vari-
ous reasons such as manufacturing imperfections, impact of foreign
objects, or high stress concentrations in the area of geometric or
material discontinuities. Delaminations reduce the stiftness of the
structure and make it easier to buckle under compressive load.
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Sandwich plates consisting of orthotropic or anisotropic face
sheets separated by core material have widespread applications be-
cause they arc capable of providing lightweight construction. Need-
less to say, new materials such as nonmetallic honeycombs and plas-
tic foams are often used as core materials, and the fiber-reinforced
composite laminates are increasingly used for face sheets. For com-
posite sandwiches, the interface between the face and corc may be
weaker than those in layered composite laminates or core materials.
Generally speaking, delaminated composite sandwiches are referred
to as sandwiches having interface cracks between a face sheet and
the core. This study focuses on the sandwich plates having single
or multiple embedded delaminations.

Since Chai et al.! established the one-dimensional model for the
buckling analysis of beam plates with delaminations, a number of
investigations”™® concerned with this subject have been presented.
Studies on two-dimensional modeling for buckling analysis of el-
liptic delamination under compression can be found in Refs. 9-14.
Although there are studies dealing with buckling of composite sand-
wich beams, such as Refs. 15-17, most earlier investigations do not
involve delamination. Kardomateas'® extended the work by Kardo-
matecas and Schmueser® for the case of a beam plate on an elastic
foundation. Somer et al."” developed a theoretical model based on
the earlier work of Chai et al.! to study the local buckling of a de-
laminated sandwich beam. Frostig?’ investigated the delamination
behavior at one of the skin—core interfaces in a beam. Hwu and Hu?!
presented a onc-dimensional mathematical model similar to that by
Chai ct al.! for analyzing the overall buckling of delaminated mnd-
wich bcams Based on the continuous analysis method of Wang,?
Cheng et al.>* presented a one-dimensional analytical model for the
local buckling of a delaminated sandwich beam. Wang and Huang?*
employed continuous analysis to evaluate the strain energy release
rate of delaminated composite plates. However, no analytical work
has been found by the author in open literature concerning prob-
lems ot sandwich plates having multiple delaminations with various
shapes, sizes, and locations.

The objective of this study is to formulate an analytically tractable
two-dimensional model accounting for the normal as well as tangen-
tial resistance of the core to the face sheets for the title problem on
one hand and to demonstrate the applicability of the analytical pro-
cedure of the continuous analysis for analyzing the discontinuous
sandwich structures with delaminations on the other. It appears to be
too difficult if not impossible to analyze such structures with delam-
inations of arbitrary numbers, shapes, and locations. Although other
numerical procedures such as the finite difference, finite clement, or
boundary element methods are power(ul tools, which are capable of
handing complex problems such as the present one, they are suited
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for specific problems and become cumbersome and not economical
for exploratory studies as one must generate meshes for each indi-
vidual case separately in general. Although the accuracy of these
numerical procedures depend on the model of the elements used, it is
generally difficult to assess the errors involved; the continuous anal-
ysis procedure provides the solutions of the governing differential
equations that should accurately describe the behavior of the entire
structure. Since the continuous analysis procedure can be used for
delaminated structures as long as the exact solutions for the corre-
sponding structure without delamination can be obtained, we have
considered rectangular plates for which solutions are represented
by Fourier series; solutions presented in this study are anticipated to
converge to exact solutions. Since the continuous analysis method
has no limitation on it8 applicability to disbonded structures, and
the procedure is simple to follow and cffective, it is more suitable
for the present problem than other numerical procedures, including
the finite element analysis. Consequently, the continuous analysis
method is used in the study.

Formulation

The local buckling of one of the face sheets made of fiber-
reinforced composites having a multiple number of disbonds from
the core is considered. The usual assumptions that the sheets are
much thinner than the core, that only transverse normal and shear
resistance to the face sheets are provided by the core, and that there
is no coupling of transverse normal and shear resistance are consid-
ered. Consequently, face shects take all the in-plane loading. These
basic assumptions have been commonly used as may be traced back
in the early work of Heath? on sandwich structurces. If the shear re-
sistance of the core is neglected, the problem reduces to a plate on a
Winkler foundation, and only transverse displacement as a result of
bending of the plate is involved. Since the normal as well as shear
stiffnesses of the core are accounted for in the present study, the
analysis becomes much more involved as the in-plane forces and
deformation are coupled with the bending and transverse displace-
ment of the face sheet. Following the same idea used in Ref. 23,
the modified continuous model, based on the commonly accepted
Kirchhoffean plate theory, for this case is shown in Fig. 1. We con-
sider that any ith subdivision in the debonded region is the same
as the element in the perfectly bonded region on an clastic founda-
tion of the core but with unknown fictitious normal and shear forces
gi, Vi, and R; added in each subdivision so that the net traction at the
interface at every subdivision vanishes during buckling. According
to the aforementioned model for the continuous analysis procedure,
we divide the debonded region into N subdivisions and require that

the conditions
// Vix,y)ydxdy =V,
AA;

/f q(x, y)dxdy = g,
AA;

and

// R(x,y)dxdy = R;
AA;

i subdivision

z

Fig. 1 Model of sandwich face plates for continuous analysis.

be satisfied at each subdivision in the delaminated region, which
leads to 3N equations for N scts of three unknown fictitious forces
and the buckling load parameters.

The equilibrium equations governing the buckled state of the face
sheet are as follows:

IN,  IN,,
4 I

N
FV =Y Vs =8y —y) =0 (la)

dx dy =
Wy + o +R i R;8( )8 ( 0 (Ib)
o - - PO — X; = Yi) =
ax oy Z xi)a(y — yi)
92M, ZSZMW M, 07w 0%w
dx? dxdy dy? *x2 T axdy

92w N BV [t
+ N-"By—z +q - [Zqié(x —x)8(y — y,')il‘ + W(E)

=1

— iv.g'(x_x‘)g(,A i) <£>+(_)ﬁ<i)
£ ! ' } )I 2 (,}y 2

Al t
- [ZR.«S(x—x,»)(S’(y ")’:’)} <5> =0 (o)

i=1

where (N, Ny, Ny,) and (M, M,, M, are stress resultants and
stress couples, respectively; §(x — x;) and §(y — y;) are the Dirac
delta functions; and x and y are in-plane coordinates.

For homogeneous orthotropic face plates, Bj; = A, = Ay =
Ds = Dy = 0, the constitutive equation is

N, Ay Ap 0 i €x
N); A]g Agz 0 I 0 El\'
Nyy 0 0 A | €xy
Xy - 66 ¥ (2)
M, | Dy Dy O Ky
M, 0 | D Dn O Ky
M\\ I 0 O D(x(w Ky
in which
du av du dv
€y = T €y = T €vy = T o
dx : ay dy  dx
3)
3w 92w 5 ’w
Ky = ——— I e e Koy = —
dx2 ? Hy? dxdy

where u, v, and w are in-plane displacements of the middle plane and
transverse displacement of the face plate, respectively; (e, €,, €y)
arc in-plane strain components; and (., &, k) are curvature com-
ponents. By substituting Egs. (2) and (3) into Egs. (la-lc), we
obtain

A 8214+A 3% +A 82u+ R
Mox T M axay Uy T axay

N
+ V=D Vsl —x)d(y — ) =0 (4a)

i=1

A du +82v +A 0 u +A R
“\oxdy | ax2 Poxay TPy

N
FR= YRS —x)8(y = ¥) =0 (4b)

i=1
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D, 84w+2(D 2Dy *w N *w 3w
12 ) 3xzay? 2 s

9w 5w
Ny = NS gt | Y i — sy —
Y axdy oy 4 [ 9id(x = x)3(y =i )}

i=1

aVv !
- W( ) [;vs (x—x)S(y~y,):|<2>

AR t
( ) [ZRa(x~x)8(y—y,)}<—)=0 (40)
ay i=1 2

We are only interested in the critical buckling loads of the face
plate under compressive loadings P, and/or P, inthe x and y direc-
tions, respectively, in the present study; i.e.,

ny =0 Nx = _Px N_\' = _P_\‘ (5)

For the core of the sandwich plates, the following load—deformation
relations based on the commonly usced simple model are used:

g=q(x,y)=—k; w (6)
with
L, = Ez: : Acﬂ')
(e
V =V, y) = zeyxz (73-)
R = R(x, y) = G,xzyyz (7b)
with
= [u+ (¢/2) (Bw/0x)] o fv+ (£/2) (dw/y)]

(¢/2) (c/2)

For the sake of convenience, we define two parameters sy, =
Gy./cand sy, = G, /c. Thus, Egs. (7a) and (7b) can be rewritten
as follows:

dw

V=V(xy) =spn [214 +1 (—)] (8a)
ax

R = R(x, y)_s,‘[ZU-i-t(d )jl (8b)
ay

By substituting Egs. (5), (6), (8a), and (8b) into Eqgs. (da—4c), we
may rewrite the governing equations as follows:

A 3u LA v LA 32u L 9%v 42
§1¢] ‘s X
Yox2 T P axay U\ y2 T axay /

+tsfl?——2\/5(x—x)8(y—y[)—0 (9a)

i=1
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D, 9w 2Dy + 2 D) — F*w 3w ° 8w
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i=1
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et ol DILEESOU D) 3)=0 00
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Analytical Solution
For an a by b rectangular plate with all hinged cdges, which are
free to move in the in-plane normal direction, the boundary condi-
tions are at x = 0, a,

97w 3w
w =0, M;=-Dj——Dp— =0 (10a)
ox? ay?
du av
v =0, Ne=A1—+Ap— =0 (10b)
ax dy
aty=20,b6
3w 8w
w =20 M,=—-Dp i —DQZW:O (10¢)
du Jv k
u=0, Ny=Ap—+Ap—=0 (10d)
: ax ()y

The displacements satistying the preceding boundary conditions
are represented by the following double Fourier series:

oC

u = E E Uy COS &y x SIN B,y (1ta)
>

V= E E Uy SIN QL X COS B,y (11b)
oc o

w = E E Wy SIN O X SN B,y (l1lc)

m=1ln=1

in which o, = m7w/a, and 8, = n/b.
We also expand the fictitious loadings to Fourier series,

ZV&()c —x)8(y — i)

i=1

x o N
=2 i <Z Vi F) COS &y Sin B, y (12a)

i=1

N
Z Ri8(x — x)8(y — ¥)

= Z Z <Z R; l*mm> sinw,x cos B,y (12b)

m=1ln=0
N

Zq,cS(,\ —x)8(y — ¥)

x x N
= Z Z (Zq’ FlZUi) sinoz,,,x $in ﬁny (IZC)
=ln=1

i=1

N
Z 18 (x = )8 (y = )

i=

x x [ N
=Y D | Y Vil=a,)Fy, | sina,xsin B,y (12d)

m=ln=1i=1

x x [ W
=D > | Do R(=BIFL, | sine,xsin B,y (12e)
] =L i=1

where

Fyy = (2/ab) sin B,y; FR. = (2/ab)sinay,x;

FY = (4/ab) cos a,,x; sin B, y;

mni

FR = (4/ab)sina,x; cos B,y;

mni

Fi = (4/ab)sina,,x; sin B,

mni



LIN, CHENG, AND WANG 2179

By substituting Egs. (11a-11c¢) and (12a—12¢) into Egs. (9a-9c), we
obtain

M=

ag llzmn + al2]_}mn + alﬂbmn - ViAmni (]33)
k=1
N
Ay + aZQIjnm =+ a23u_)mn = § Ri ani (l3b)
k=1
a3llzmn + axn 5ml1 + as; wmn
N -
- - E (q_l Cmni + ViDmni + Ri Emni) (13C)
k=1
where
_ 5 [ —
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Ay = —mna’RA;, — mn? R Ags apy =mmiRS s,
2p A 254
ay; = —mun RAg —mnn~RAp
Gy = —m*m?Ags — n*n? R Ay + ZRZS'fy dy3 = nﬂfRzﬁf_\,

Az = mnt_léifx azy = nnfﬁ’zfﬁv

ays = {(D11/Dxn) + (1/Rm*n* + 2(D12/ Dy)

+ 2(D66/D22)mznzn4 + 1?7t R? + m?n? f_’x + nzanzf_’\

+ KR? + im?m2P5p, + In*n PR, )

(&)

N
/11m = E VI R cos a,x; sin ﬂnyi

4

B =4 Z R!R Sin o, x; oS }gn)’i

i=1

N
Cmni =4 § (?i R sin Oy X Siﬂﬁn}’i

i=1

Dy = =2 E V,im7r cos ot x; sin B,y

N
Eppi = —2 Z R;tRnm sina,,x; cos B, yi

with

A _ A11b2 - _ A66b2
=— 66 = ———

H Dy ' Dy
_ Aab? - Agpnb?
Ap=22 Ap =22

Dy Dy

§e = sfxb4 o S.f}’b4

fx Do fy Dy

I'_tmn = Mmﬂ/b Umn = l)mn/b

LDmn = wnm/b K = k_fb4/D22
P, = P.b*/ Dy, P, = Pyb’/ Dy
Vi = Vib/Dn Ri = Rib/Dx

Gi = qib/Dxn R=a/b [=t/b

By employing Cramer’s rule to solve the algebraic equations in
terms of i, Uy, and w,,,, we obtain

N N
Uy = E Anmiql § mni I

i=1

N
Umn = E Dmniql

i=1

N
Z Comi R; (142)

Foni R (14b)

Mz

N
2 BVt

1

N N N
7-Z)mn = Z Gmniq: Z Hmm V Z Imm i (14(:)

i=1

in which
Apni = (1/ AY(anais — @12a23)Copi

ani = (I/A)[(022(133 - a32a23)Amm’ - ((112023 - 5!226113)Dm,,,’]

Comi = (1/ M) [(@32013 — @12033) Bwi — (@123 — @22013) E i)
Dmni - (]/A)(allaB - a2lal3)cmni

Emni = (1/A)[((l31a23 - a21a33)Amni - (a21a13 - alla23)Dmr1iJ

Foni = (1/M)[(@11a33 — aziai3) B — (@21a13 — @11023) i)
G i = (1/A)(=anaxn + a21a1)Cpni

Hyi = (1/D)[(a2103 — a31a22) Apni — (@182 — @21412) Dyuni]

Luni = (1/D)[(@31a12 — a11032) Bunni

with

—(anan — axap) Eul

ary dip 4z
A=lay an an
dzp dspy  dsg

Now, we have general solutions for u, v, and w from which we
obtain ¢ (x, y), V(x, ), and R(x, y) from Eqs. (6), (7a), and (7b),
respectively. To require net interfacial stresses in the delaminated
region to vanish, the following conditions must be satisfied at every

subdivision:
] awnaar=q, (152)
AA;

// Vix,y)ydxdy =V, (15b)

AA;

// R(x,y)dxdy
AA;

in which AA; represents the area of the jth subdivision in the
debonded region; the subscript j ranging from 1 to N is the number
of subdivisions in the debonded region that are considered to be
rectangular or circular shapes, as shown in Figs. 2a-2d. The rectan-
gular delaminated region is subdivided into rectangular subdivisions
where fictitious forces are applied. However, for circular regions,
radial and circumferential lines are used to subdivide the delami-
nated regions. Equations (15a—15c¢) may be approximated for small
enough AA; by

Il

R; (15¢)

at x =x;, y=y; g(x;, y)AA; =¢q; (16a)
at x =x;, y=1y, Vxj, yp)AA; =V; (16b)
at X =Xj, y=y; R(X/,}’,’)AA/:RJ‘ (16C)

Substitutions of Egs. (6), (8a), (8b), and (11a-11c) in conjunction
with Egs. (14a—14c) into Eqs. (16a-16¢) yield a system of 3N ho-
mogenuous algebraic equations that could be written in a matrix
form as follows:

[Al{X} =0 a7
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a) Central rectangular delamination

7 o F,
/
y Y

b) Central circular delamination

exa

d) Multiple delaminations

Fig.2 Simply supported square sandwich plate with different types of
delamination subjected to uniform uniaxial compression.

Here [A]is a 3N x 3N matrix containing buckling loads as param-
eters,and {X} = [¢; Vi R;]7 fori ranging from 1 to Nisa3N x 1
column matrix. Equation (17) may be expressed as

Al B G

Q1

i | Ei | F

=
i
[en)
E

Gi | Hi |1

ol

where

x X
AT,’ - Z Z(zcb:. Amm’ + \‘px’nnémui) cos ‘me] sin ﬁn)’/’

m=0n=|

x X
Br, = Z Z(zq)\ [}mni + \p,r’nﬂ Hmni) cos Ay X j sin ﬁn}f, - 8/_[

m=0n=1

s ¢ x
CT,‘ = Z Z(Z(bx Cmni + \p.x miw 1/11/1!’) COos Oy X j sin ﬁn)‘)j

m=0n=1

D;‘i = Z Z(ZCID\, Dpni +Wmm G ) sSino, x; cos B, y;

m=1n=0

0

X
[ —
E=2.
m=1

QO Eppi + VYyma Hyyi) sina, x; cos By Y
0

F= Z Z(Z(by Foni + Womar Ly, sina,,x; cos B,y — 8

m=In=1{

¢ o
th = § } CI)I(Gmni sin Oy Xj sin ,ﬁnyj + 51,/

m=1n=1

¢
H;: = E E Q)L [1(,,,,7,' sin Oy X sin :Bnyi

m=Iln=1

x X
I;, = E E Dy L sin Oy X sin ﬁn Y

m=1ln=1

with
abAA; bIAA; abAA;
x = =S fx v = =S fx y = £y
Dy Do ’ Dy
(llAA, abAA,-
vy = - Sfy ¢’k = k/
D22 Dzz

For buckling ploblems, the critical buckling load may be de-
termined by requiring the determinant of the coefficient matrix of
Eq. (18) to vanish.

Numerical Examples

Numerical results of several examples of the method and pro-
cedure schemes for treating rectangular and circular delamination
shapes and for providing limited data to indicate effects of delamina-
tion size, location, and interaction of adjacent delaminations are ob-
tained. Although the actual shape of delamination would generally
be irregular, we established the schemes for handling rectangular
and circular shapes with the only intention that they may potentially
be used together to approximately describe actual irregular shaped
delaminations in future studies. The data for the material properties
are £, = 40F,, G, = 0.5E,, and v;; = 0.25, where subscripts
1 and 2 denote directions parallel and transverse to the fiber direc-
tions, respectively; and the nondimensional parameters k ;, 5,, and
s, are used in all examples.

Rectangular Delaminations

We first consider a square sandwich plate with 0-deg laminated
face sheets having a central square delamination subjected to a
uniaxial compression Py, as shown in Fig. 2a. Numerical results
obtaincd by the present analysis for the uniaxial buckling load
P.b?/ Et* are listed in Table 1. As expected, the buckling load de-
creases as the core stiftness (k 7, 5y, §,) decreases and as the delam-
ination size (a, and b,) increases; the buckling load corresponding
to very low stiffnesses of the core and very large delamination size
should be close to that of the plates without foundation. A limited
number of numerical results are presented in Table 1 for illustrat-
ing the anticipated facts and for validating the method of analysis
and the computer program. All numerical data given in Table 1 are
obtained by increasing the number of subdivisions until converged
solutions are reached. Numerical results shown in the sixth and sev-
enth rows of Table 1 indicate that when §,(=s,) are reduced ftom
0.01 to 0.001, the buckling load parameter given in the last column
is reduced but slightly from 55.619 to 54.140, which amounts to a
less than 2.66% reduction. When comparing corresponding results
in rows 1-3 with those in 4-6 rows, respectively, buckling loads
are reduced by over 69% when &, is reduced from 0.01 to 0.001
with 5, (=5,) increased from 0.001 to 0.01. These results indicate
that the effect of /E,- to the buckling load is more significant than
5. and 5,. The remaining results listed from the seventh row down
indicate that the buckling load parameter corresponding to low core
stiffness /E,» = 5§, =5, = 0.001 becomes closer to the buckling load
of 35.831 for the plate without foundation when the size of the de-
lamination a,(=b,) increases.?® The present results for a,/a with
ay = by being 0.9 and 0.95 arc 38.854 and 35.849, respectively.
More comparisons for buckling loads of a sandwich plate with a
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Table 1 Buckling loads for a square sandwich plate with one
face sheet of composite 0-deg lJaminate having a central
square delamination

ag/a ba/b ky Fx 5y P.b?/Ey
0.01 0.01 0.01 0.001 0.001 183.61
0.05 0.05 0.01 0.001 0.001 183.00
0.10 0.10 0.01 0.001 0.001 182.23
0.01 0.01 0.001 0.01 0.01 56.454
0.05 0.05 0.001 0.01 0.01 56.262
0.10 0.10 0.001 0.01 0.0t 55.619
0.1 0.1 0.001 0.001 0.001 54.140
0.2 0.2 0.001 0.001 0.001 52.225
0.3 0.3 0.001 0.001 0.001 49.136
04 04 0.001 0.001 0.001 45.299
0.5 0.5 0.001 0.001 0.001 41.829
0.6 0.6 0.001 0.001 0.001 39.294
0.7 0.7 0.001 0.001 0.001 37.447
0.8 0.8 0.001 0.001 0.001 36.226
0.9 0.9 0.001 0.001 0.001 35.854
0.95 0.95 0.001 0.001 0.001 35.849
Table 2 Uniaxial buckling loads for
square sandwich plates with one face
sheet of composite (£6) laminate
having a central square delamination
Peb? [ Ept3, Pb2Eat?,
2] present” Ref. 25b
0 35.849 35.831
15 43.781 43.760
30 59.849 59.619
45 67.551 67.548
60 54.196 54.115
75 25.196 25.129
90 13.156 13.132
4Present analysis with ¢, /a = 0.95 and k=5 =
Fy = 0.001.
bSolution of simply supported square composite
{aminates (corresponding to «g/u = 1.0).

large delamination size of a,/a = 0.95 by b,;/b = 0.95 and very
small core stiffnesses (k ¢ = § =5, = 0.001) from the present
analysis to that of Ref. 25 for simply supported square composite
laminate, with different fiber orientations, are given in Table 2. Re-
suits listed in Table 2 show that the values of the present analysis are
all close to those of Ref. 25. The confirmation of anticipated facts
and excellent agreements to existing exact solutions show that the
present analysis is effective and reliable. Inasmuch as the size of the
delamination varying from as small as 0.0la x 0.01a to as large as
0.95a x 0.95a are involved, this indicates that the method has no
limitation on the size of delaminations.

To provide some indication of the effect of the core stiffnesses,
a central 0.1a x 0.la delamination in a square plate having 0-deg
face sheets as shown in Fig. 2a is considered. The uniaxial buckling
load varies with core stiffnesses. The nondimensional uniaxial buck-
ling loads with varying transverse stifthesses are shown in Fig. 3;
the buckling load varies nearly as linear functions of core stiff-
nesses. The variation is rapid for &, ranging from 0.01 to 0.06 with
small core shear stiffnesses 5, = 5, = 0.00! and is slower for 1Ef
ranging from 0.06 to 0.1. For k; = 0.001, the buckling load pa-
rameter varies gradually as shear stiffnesses of 5, (=s,) vary from
0.01 to 0.04 and rapidly from 0.04 to 0.1. Note from curve a that
the buckling load increases by as much as about 130% when the
normal stiffness of core k increases from 0.01 to 0.06, whereas it
exhibits only about an 18% increase when the normal stiffness in-
creases from 0.06 to 0.1. From curve b, the buckling load increases
as much as about 113% when shear stiffnesses increase from 0.04
to 0.1, whereas it exhibits only about 15% increase of buckling load
when the shear stiffnesses increase from 0.01 to 0.04. Results shown
in Fig. 3 reflect that the effect of normal stiffness k; on buckling
load is more significant than the effect of shear stiffnesses 5, and 5.
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Fig.3 Effect of transverse stiffnesses of the core on uniaxial buckling
load (agla = by/b = 0.1): a) various ky with 5, = §, = 0.001 and b)
various §, = §, with k; = 0.001.
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Fig. 4 Effect of delamination size on uniaxial buckling load: a) I_(f =
0.001 and 5, = §, = 0.001,b) ky = 0.01 and 5, = 5, = 0.001, and ¢)
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To investigate the effect of delamination size on the buckling
load, we again consider a square delaminated sandwich plate with
0-deg composite face sheets under uniaxial compressive load of
P, on a face sheet. With a,/a = b, /b, variations of the buckling
load parameter with respect to the delamination size characterized
by a,/a from three different combinations of core stiffnesses are
shown in Fig. 4. As expected, the buckling load decreases as the
delamination size increases. Curves also show that the increase of
buckling load as a result of the increase of sz is substantially higher
than the increase of 5, and 5, for delamination size a,/a less than
about 0.75, and the rate of reduction of the buckling load is much
more rapid for plate with k, = 0.01 than that with k; = 0.001
when the delamination size a,/a increases from about 0.2. These
results indicate that the effect of delamination size on the buckling
load depends more heavily on the normal stiffness than the shear
stiffnesses of the core.

To explore the effect of the delamination location on the buckling
load, we consider a square sandwich plate having a 0.1a x 0.1
square delamination with its center Jocation varying along x =
a/2. The nondimensional uniaxial buckling load corresponding to
various delamination locations and transverse normal stiffnesses
with 5, = §, = 0.001 are shown in Fig. 5. There is no significant
effect of the delamination location on the buckling load probably
because of the small delamination size, which is 1% of the total
plate area.
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Table 3 Buckling loads for a square sandwich plate
with one face sheet of composite 0-deg laminate having a
central circular delamination

raja ks N 5y P.b%/Eyt
0.01 0.01 0.001 0.001 183.47
0.05 0.01 0.001 0.001 182.29
0.10 0.01 0.001 0.001 181.55
0.01 0.001 0.01 0.01 56.440
0.05 0.001 0.01 0.01 55.777
0.10 0.001 0.01 0.01 53.462
0.10 0.001 0.001 0.001 52.352
0.20 0.001 0.001 0.001 46.855
0.30 0.001 0.001 0.001 40.368
0.40 0.001 0.001 0.001 36.884
0.45 0.001 0.001 0.001 35.984
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Fig.5 Effect of delamination location on uniaxial buckling load (a,/a =
bag/b = 0.1 and §; =5, = 0.001).

Circular Delaminations

We consider a square sandwich plate with composite 0-deg lam-
inate face sheets having a central circular delamination of radius r,
as shown in Fig. 2b. The nondimensional uniaxial buckling loads
for this plate with various delamination sizes and core stiffnesses
are given in Table 3. All numerical results are consistent with those
for rectangular delaminations to refiect the anticipated facts that the
buckling load decreases as k¢, 3, and 5, decrease and as the de-
lamination size increases. Again, the buckling load of the plate with
very small stiffnesses of the core (k; = 5, =5, = 0.001) reduces
to 35.984 for r, = 0.45, which is very close to the value of 35.831
for the simply supported square composite 0-deg laminate given in
Ref. 26. The scheme established for subdividing the circular delam-
inated region between radial and circumferential lines should give
more accurate results than the use of rectangular subdivisions for
the present class of problems. Seemingly, the present subdividing
schemes may be extended to delamination shapes that have a com-
bination of rectangles and circular sectors or to delaminated regions
having curved boundaries.

To explore the effect of delamination size on the buckling load, we
use the same square sandwich plate considered before but a circular
delamination as shown in Fig. 2b. Buckling corresponding to various
delamination sizes is shown in Fig. 6. Obviously, it displays results
similar to those shown in Fig. 4 for the plate with a rectangular
delamination.

Multiple Delaminations

To show the capability of the present analysis on a sandwich plate
with multiple delaminations, we consider the case of a square sand-
wich plate with composite 0-deg laminated face sheets having two
separated delaminations for which one is rectangular and the other
one is circular. One delamination center is located at the center of
the plate, and the center of the second delamination is located off

Table 4 Buckling loads for a square sandwich plate with one
face sheet of composite 0-deg laminate having two separated
delaminations (ky = 0.001 and 5, =5, = 0.001)

e(f =0.0) P.b%/Eat? e=f P.b?/Eyt?
Case a: multiple delaminations shown in Fig. 2¢
0.25 166.48 0.25 167.41
0.30 170.00 0.30 172.81
0.35 174.71 0.35 179.55
Case b: multiple delaminations shown in Fig. 2d
0.25 180.54 0.25 181.16
0.30 180.66 0.30 181.35
0.35 180.95 035 181.47
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Fig. 6 Effect of delamination §ize on uniaxial buckling load: a) sz =
0.001 and §; = 5, = 0.001,b) &y = 0.01 and 5, = §, = 0.001, and ¢)
kr = 0.001 and 5, =3, = 0.01.

the center of the plate. They are referred to as central and off-center
delaminations, respectively. The location of the center of the off-
center delamination is specified by e and f as shown in Figs. 2¢
and 2d. The size of the square delamination is considered to be
a; = 0.2a, and the radius of the circular delamination r;, = 0.1a
is used. Table 4 gives the nondimensional uniaxial buckling loads
fork; = 0.01 and 5, = 5, = 0.001 corresponding to different lo-
cations of the off-center delamination. Case a in Table 4 associated
with Fig. 2c concerns the sandwich plate containing a central square
delamination. Results showing small decreases of the buckling load
as the off-center delamination moves closer to the central delamina-
tion indicated a mild interaction of the two separated delaminations.
The lowest value of 166.48 for the buckling load parameter given
in the table for case a compared with 181.38 for a plate with a
single central rectangular delamination amounts to a less than 9%
reduction. Case b in Table 4 associated with Fig. 2d, concerning
a sandwich plate that contains a central circular delamination and
an off-center square delamination, exhibits the same phenomenon
described in case a. The lowest buckling load for case b in Table 4 is
180.54, which represents a less than 0.56% reduction from 181.55
for a sandwich plate having a single central circular delamination.

Concluding Remarks

A two-dimensional model of a delaminated face sheet of sand-
wich plates, on the basis of the Kirchhoffean plate theory, has been
proposed. The concept of the continuous analysis procedure pre-
sented in this study has shown its applicability for analyzing sand-
wich plates with single or multiple delaminations.

According to the results obtained in this study, we can make the
following concluding remarks.

1) The method presented in the study is simple, straightforward,
and effective.
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2) Although the extent of the delamination affecting the critical
buckling load of sandwich plates depends on the size, number, and
location of delaminated regions and stiffnesses of the core, no gen-
eral conclusive statements can be made as only limited results for
only specific materials have been computed for illustrative purposes.

3) The effect of normal stiffness of the core &, on buckling load
is more significant than the effect of shear stiffnesses of the core 5,
and s,.

4) The interaction effect of separated delaminations appears to be
mild.
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