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Nonlinear High-Order Response of Imperfect
Sandwich Beams with Delaminated Faces
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Delaminations within face sheets are often observed when a sandwich structure is exposed to impact loads.
The buckling and postbucklingbehavior of sandwich beams with delaminated faces is investigated. The governing
nonlinearequations,boundaryconditions,and continuityconditionsare formulated throughvariationalprinciples.
The beam construction consists of two stiff composite laminated face sheets and a soft core of a foam or a low-
strength honeycomb type. A higher-order theory is used for the core that accounts for the nonlinear distortion of
the plane of the section of the core and the compressibility in the thickness direction. The delamination considered
is an interface crack, in which the substrate includes the transversely � exible core. As an illustration, the results
of numerical computation for a simply supported beam are presented to show the effects of a delamination inside
the face sheets on the behavior of sandwich structures under compressive loading.

Nomenclature
Ai = axial rigidity matrices of face sheets
B i = stretching and bending coupling matrices

of face sheets
b = width of face sheets
c = thickness of core
Di = � exural rigidity matrices of face sheets
db; dt = thickness of bottom face sheet and top face

sheet, respectively
Ec; E f = elastic modulus of core and face sheets,

respectively
Gc = shear modulus of core
L = length of the sandwich panel
Mx x ; Nx x = resultant bending moment and in-plane

force, respectively
m x x ; nx x = external moment and axial force, respectively
P; Pcr = applied load and buckling load, respectively
qz = external transversal load
U; V = strain energy and external potential, respectively
u = axial displacement
w = transversal displacement
Nw = imperfection of face sheets
° c = shear strain of the core
²x x = axial strain of face sheet
²zz = transversal strain of the core
²0x x = axial strain of face sheet measured along

reference plane
·x x = curvature of face sheet
¾x x = axial stress of face sheet
¾zz = transverse stress of the core
¿ c = shear stress of the core

Subscripts and Superscripts

b = bottom face sheet
c = core
t = top face sheet
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I. Introduction

A TYPICAL sandwich structure is composed of two thin metal-
lic or composite laminated faces and a thick soft core made

from foam or a low-strength honeycomb. Because of their excep-
tional properties such as high stiffness and strength with little re-
sultant weight penalty, thermal and acoustic insulation, smooth
aerodynamic surface in a high-speed range, high-energy absorp-
tion capability, etc., sandwich structures have been used as parts of
aircraft, marine vessels, ground vehicles, and offshore structures.
Especially for structures operating in hostile environments with
high-temperature,moisture, or pressure � elds, a sandwich structure
can offer an attractive alternative to a conventional construction.

Research into sandwich structural behavior and failure modes
can be traced to after World War II, with several papers published
between 1945 and 1955, on the strength and stability. Extensive
and very complete listings of early works on sandwich structures
up to the end of the 1960s have been summarized by Plantema1

and Allen.2 The basic assumption adopted for the core by most of
the early researchers was that the core only has a shear rigidity,
that is, it is incompressible in the thickness direction and the plane
of the section remains plane after deformation, that is, classic core
theory or antiplane core. The two basic buckling modes, the global
buckling of the beam/panel and the wrinkling/local buckling of the
face sheets/skins, were considered uncoupled. The global buckling
was studied by considering the whole structure as an equivalent
beam incorporating the shear stiffness of the core, and the local
bucklingwas investigatedbyconsideringthe isolatedskins as beams
resting on an elastic foundation (which is provided by the core)
in the thickness direction.3 In the 1990s, high-order theories were
proposed for the core.4;5 The high-order theory formulation takes
into account the effects of the � exibilityof the core in the transverse
directionand the shear rigidityof the core simultaneously.However,
the effects of delaminations within the skins on the behavior of a
sandwichstructurehavenotbeen adequatelystudiedso far, although
some paperson delaminationsin a sandwichstructurehaveprovided
models for a debond between the skin and the core.

Delaminationis a very common failurephenomenonin laminated
composites, especially those exposed to impact loads. These de-
laminations may deteriorate the performanceof the structure under
compressiveloading.6;7 A largenumberof studieson thebehaviorof
delaminationbucklingand postbucklingin compositeshasbeen car-
ried out by many researchers,includingChai et al.,8 who used a one-
dimensional model to simulate the characteristics of delamination
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growth, and Sheinman and Kardomateas,7 who studied the energy
release rate for an arbitrary stackingsequence.Althoughthe general
principles are not very different, delamination failure in a sandwich
structure is just beginning to be explored in detail.

In this regard, differences in the behavior of delamination buck-
ling and postbuckling within a sandwich structure from that of a
laminated composite structure may arise because the substrate in a
delaminated sandwich structure includes a much different kind of
material, namely, a transversely � exible core made of foam or low
strength honeycomb.

The purpose of present research is to investigate in detail this
often-observeddamagemode in sandwichstructures.Here, the term
delaminated faces refers to two possible situations: a delamination
within the face sheetor a debondingat the interfacebetween the face
sheet and the core. The higher-ordercore theory is incorporatedinto
the constitutiverelationshipsfor the structureto take intoaccountthe
effects of the interaction between two face sheets and core on the
buckling and postbuckling behavior of the delaminated sandwich
panels. Using this higher-order core theory, we can calculate the
peeling stress, which otherwise may be dif� cult to be obtained by
classic core theory. Here peeling stress is the normal stress that sep-
arates the face sheets and the core in the normal direction. It is one
of the two stresses (the other one is the shear stress between the
faces sheets and the core material) that contributesto the debonding
of sandwich structure. By the use of higher-order core theory, we
formulate a group of the nonlinear governing equations, boundary
conditions, and continuity conditions that can be used to deal with
thenonlinearbehaviorof delaminatedsandwichpanelswith/without
imperfections under various loading and boundary conditions.The
results of simply supported panels with a delaminationunder com-
pressive loading are compared with those of the nondelamination
case, and it is shown that delaminations have signi� cant effects on
the failure of a sandwich structure.

II. Formulation
Kinematics

The nonlinear theory developed in this paper is based on the
following assumptions:

1) The thin face sheets are considered as Kirchhoff–Love beams
with bending and axial rigidities.

2) The imperfections are small and are only imposed on the face
sheets.

3) The core has shear resistanceand is free of longitudinalnormal
stresses, but its transverse compressibility is considered, that is, its
thickness may change.

The delamination considered is through the entire width. The
sandwich beam with a delamination in the upper face sheet can
be subdivided into four zones for the upper skin (delaminated skin
zone, substrate skin zone in the delamination region, and two base
skin zones outside the delaminated region), and three zones for the
core and lower skin (one zone in the delamination region and two
base zones outside the delaminated region), as shown in Fig. 1.

The displacement � eld is de� ned by the longitudinal component
u.x; z/ in the x direction and the transverse component w.x; z/ in
the z direction. Here x is measured from the left boundary of the
structure to the right, and z measured upward from the reference
plane of the skin. The displacementsof the skins are of the form

u.x; z/ D u0.x/ C zw;x .x/; w.x; z/ D w0.x/ D w.x/ (1)

where the subscript 0 denotes values measured at reference plane
of the skin. Notice that a uniform transverse de� ection is assumed

Fig. 1 Geometry of a simply supported sandwich beam with a delam-
ination inside the top face sheet.

along the z direction for the skins and, therefore, the subscript is
omitted for w.

The strain � eld in the skins is given as follows:

²x x .x; z/ D ²0x x .x/ C z·x x .x/

²0x x D u0;x C 1
2
w;x .w;x C 2 Nw;x /; ·x x D w;x x (2)

where·xx is thechangein curvature, Nw.x/ is the initial imperfection,
and the subscript ,x denotes a derivative with respect to x .

The strains and the curvature can be written in terms of the axial
force Nx x and the bending moment Mx x as follows:

²0x x D ®i
1 Nx x C ®i

2 Mx x ; ·x x D ®i
3 Nx x C ®i

4 Mx x (3)

where i D t ; b and ®i
1 are de� ned in terms of the stiffness matrices

Ai , B i , and D i (e.g., see Sheinman and Kardomateas7).
The core is considered undergoing a small displacement with

large rotation, and the correspondingstrain � eld is of the following
form:

²c D wc
;zc

; ° c D uc
;zc

C wc
;x (4)

where the superscriptc denotes the core, and ,zc denotes derivative
with respect to zc ; this zc is measured downward from the upper
core/skin interface.

Under the postulationof perfect bondingbetween face sheets and
the core, the correspondingcompatibilityconditionsat the core/skin
interfaces can be written as follows.

At the upper interface (zc D 0):

uc.x; 0/ D ut
0.x/ .dt=2/wt

;x .x/; wc.x; 0/ D wt .x/ (5)

At the lower interface (zc D c):

uc.x; c/ D ub
0.x/ C .db=2/wb

;x .x/; wc.x; c/ D wb.x/ (6)

where t and b denote upper/top skin and lower/bottom skins, re-
spectively, and di , i D t or b, is the thickness of the corresponding
upper or lower skin.

Constitutive Relationships for the Skins and the Core
The general stress–strain relationship is [¾ ] D NQ [²], where Q is

the stiffness matrix. For the present problem, relations in the form
of resultant forces and bending moments in the skins can be written
as follows:

N ti
x x D Ati

11²
ti
0x x C B ti

11·
ti
x x ; M ti

x x D B ti
11²

ti
0xx C D ti

11·
ti
x x (7)

where i D 1; 2; 3; 4 for the four zones of the upper/top skin. Similar
expressions hold for the lower/bottom skin.

The higher-order theory adopted for the relationship between
stress and strain � elds in the core is of the following form5:

¾ ti
zz.x; z/ D wbi wti

c
Ec C

c

2
¿ ci

;x

¾ bi
zz .x; z/ D wbi wti

c
Ec

c

2
¿ ci

;x (8a)

¾ ci
zz .x; zc/ D wbi wti

c
Ec C ¿ ci

;x

³
c

2
zc

´

wci .x; zc/ D

¡
czc z2

c

¢

2Ec
¿ ci

;x C
³

1
zc

c

´
wti C

zc

c
wbi (8b)

uci .x; zc/ D

¡
cz2

c

¯
2 z3

c

¯
3
¢

2Ec
¿ ci

;x x C
zc¿

ci

G c

C
³

z2
c

2c
zc

dti

2

´
wti

;x

z2
c

2c
wbi

;x C u ti
0 (8c)

where ti D t1; t3; t4 and bi D b1; b2; b3; ci D c1; c2; c3 for the core in
the three zones; and G c and Ec are shear and elastic moduli of the
core, respectively.
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Nonlinear Governing Equations
When the variationalprincipleis applied, the nonlineargoverning

equations with the appropriateboundary conditions can be derived.
The sandwich beam/panel is subjected to the compound actions
of an external axial force n i

x x , transverse force q i
z , and moment

m i , i D t or b. At an equilibrium state, the � rst variation of the
total potential energy, 5 D U V , consisting of strain energy U
and external potential V of applied loading, vanishes. These can be
written as

±U D
ZZZ

vt

¾ t
x x ±²t

x x dv C
ZZZ

vb

¾ b
x x ±²b

x x dv

C
ZZZ

vc

¿ c±° c dv C
ZZZ

vc

¾ c
zz±²c

zz dv (9)

±V D
Z L

0

¡
ni

x x ±u i
0 C q i

z ±wi C m i ±wi
;x

¢
dx C Fext±X (10)

where Fext D N i
ext, M i

ext, P i
ext and X D u i

0, wi , wi
;x , respectively.

Substitution of Eq. (8) and integration by parts yields sets of
nonlinear governing equations.

Upper/top skin:

N ti
x x;x b¿ c j

­­
zc D 0

n ti
x x D 0 (11)

M ti
x x;x x

£
N ti

x x

¡
wti

;x C Nwti
;x

¢¤
;x

1
2
bdt1¿

c j
;x

­­
zc D 0

b¾
c j
zz

­­
zc D 0

C m ti
;x q ti D 0 (12)

Analogous equations are found for the lower/bottom skin.
Core:

b¿
c j
;zc .x; zc/ D 0; b¾

c j
zz;zc .x; zc/ b¿

c j
;x .x; zc/ D 0 (13)

where i D 1; 4 and j D 1; 3 represent the corresponding values for
zone 1 or zone 3.

Because zone 2 includes the delamination, the set of governing
equations has a different form, as follows.

Upper/top skin:

N t2
x x;x .x/ n t2

x x .x/ D 0 (14)

M t2
x x;x x .x/

£
N t2

x x

¡
wt2

;x C Nwt2
;x

¢¤
;x

C m t2
;x q t2 D 0 (15)

N t3
x x;x .x/ b¿ c2 .x; 0/ nt3

x x .x/ D 0 (16)

M t3
x x;x x .x/

£
N t3

x x

¡
wt3

;x C Nwt3
;x

¢¤
;x

1
2
bdt3¿

c2
;x .x; 0/

b¾ c2
zz .x; 0/ C m t3

;x q t3 D 0 (17)

with analogous equations derived for the lower/bottom skin.
Core:

b¿ c2
;zc

.x; zc/ D 0; b¾ c2
zz;zc

.x; zc/ b¿ c2
;x .x; zc/ D 0 (18)

Equation (18) shows that the shear stress is only a function of x .
The corresponding boundary conditions read as follows. At the

ends of the structure, that is, at x D x1 and x D x4;

uti
0 u ti

ext D 0; or N ti
xx N ti

ext D 0

wti w
ti
ext D 0; or M ti

x x;x N ti
x x wti

;x C m ti
¡
bdti

¯
2
¢
¿1 D 0

wti
;x wext

;x D 0; or M ti
x x M ti

ext D 0

u
b j

0 u
b j

0 ext D 0; or N
b j
x x N

b j
ext D 0

wb j w
b j
ext D 0; or M

b j
x x;x C N

b j
x x w

b j
;x C mb j .bdb j =2/¿1 D 0

w
b j
;x wext

;x D 0; or M
b j
x x M

b j
ext D 0

wc j w
c j
ext D 0; or ¿1 D 0 .19/

where i D 1; 4 and j D 1; 3.

Fig. 2 Resultants at the � rst crack tip.

Conditions at the Delamination Tips and the Ends
The conditionsat the crack tips can be grouped into displacement

compatibility and resultant force (Fig. 2) equilibrium.
The displacement compatibility conditions at the � rst crack tip

x D x2 are as follows:

u t2
0 C u t1

0 C
£¡

dt1 dt2

¢¯
2
¤
wt1

;x D 0

u t3
0 C u t1

0

£¡
dt1 dt3

¢¯
2
¤
wt1

;x D 0

wt1 wt2 D 0; wt1 wt3 D 0; wt2
;x wt1

;x D 0

wt2
;x wt3

;x D 0; ub2
0 ub1

0 D 0; wb2 wb1 D 0

wb2
;x wb1

;x D 0; wc1 wc2 D 0 (20)

The resultant force equilibrium conditions at the � rst crack tip
x D x2 are

N t1
x x N t2

x x N t3
x x D 0

M t1
x x M t2

x x M t3
x x C dt3 N t2

x x

¯
2 dt2 N t3

x x

¯
2 D 0

M t2
x x;x N t2

x x wt2
;x C M t1

x x;x N t1
xx wt1

;x M t3
x x;x N t3

x x wt3
;x

C
¡
bdt1

¯
2
¢
¿1

¡
bdt3

¯
2
¢
¿2 C m t3 C m t3 C m t2 m t1 D 0

N b1
x x N b2

x x N b2
ext D 0; Mb1

x x C M b2
x x Mb2

ext D 0

Mb1
x x;x C N b1

x x wb1
;x Mb2

x x;x C N b2
x x wb2

;x C
¡
bdb1

¯
2
¢
¿1

¡
bdb2

¯
2
¢
¿2 C mb2 mb1 D 0; ¿2 ¿1 D 0 (21)

Similar equations are written for the second crack tip. The end
boundary conditions are as follows. In displacement form

wti wb j D 0; wti
;x w

b j
;x D 0

wti
;x C

u ti
0 C u

b j

0

zet C zeb
D 0;

u ti
0 zeb C u

b j

0 zet

zet C zeb
u tot

0ext D 0

wtot
;x ext C

uti
0 C u

b j

0

zet C zeb
D 0; wtot wtot

ext D 0;
¿ 1

;x c3

12Ec
D 0

(22)

or in resultant force form

N
b j
x x N

b j
ext C N ti

x x N ti
ext D 0

M t
ext N t

extzet C N b
extzeb N

b j
x x zeb C N ti

x x zet M ti
x x

Mb
ext M

b j
x x D 0

M ti
x x;x C M

b j
x x ;x C N ti

x x wti
;x C N

b j
x x w

b j
;x C [.dt4 C db/=2]b¿ 3

m ti mb j pt
ext pb

ext D 0; b¿ j D 0 (23)

where i D 1 or 4 and j D 1 or 3.
In this section we have derived all governing equations and cor-

responding boundary conditions and continuity conditions for the
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general problemof a sandwich panel with a delaminated face sheet.
Theoretically, solving these equations would yield all of the infor-
mation needed to describe the buckling and postbuckling behavior
of a sandwich panel with delaminations. However, after substitut-
ing the constitutive relations (7) into the preceding formulas, which
are then written in terms of the displacements, it is seen that this
is a set of coupled nonlinear equations. The buckling behavior and
postbucklingcan be convenientlystudied by using the perturbation
technique,which has been successfullyapplied previously to bifur-
cation analyses.9;10

III. Imperfection Analysis
Imperfections are very common in the face sheets of a sand-

wich construction due to the dif� culty of manufacturing the core
materials.5 The imperfection considered is assumed to be a small
transverse(thickness) deformationof the face sheets.The governing
equations for imperfectionanalysis can be obtained by substituting
Eq. (8) into the nonlinear equations (12–18) together with the cor-
respondingboundary conditions.These equations can be written as
follows.

Upper/top skin in zone 1:

N t1
x x;x b¿1 nt1

x x D 0 (24)

M t1
x x;x x

£
N t1

x x

¡
wt1

;x C Nwt1
;x

¢¤
;x

1
2
b.dt1 C c/¿1;x

C [b.w t1 wb1 /=c]Ec C m t1
;x q t1 D 0 (25)

Similar equations hold for the lower/bottom skin in zone 1.
Core in zone 1:¡
c3

¯
12Ec

¢
¿1;x x C .c¿1=G c/

1
2

¡
c C dt1

¢
w

t1
;x

1
2
.c C db/w

b1
;x

C u t1
0 ub1

0 D 0 (26)

Upper/top skin in zone 2:

N t2
x x;x n t1

x x D 0 (27)

M t2
x x;x x

£
N t2

x x

¡
wt2

;x C Nwt1
;x

¢¤
;x

C m t2
;x q t2 D 0 (28)

N t3
x x;x b¿3 n t3

x x D 0 (29)

M t3
x x;x x

£
N t3

x x

¡
wt3

;x C Nwt3
;x

¢¤
;x

1
2
b.dt3 C c/¿2;x

C [b.w t2 wb2 /=c]Ec C m t2
;x q t2 D 0 (30)

Analogous equations can be written for the lower/bottom skin in
zone 2.

Core in zone 2:¡
c3

¯
12Ec

¢
¿2;x x C .c¿2=G c/

1
2

¡
c C dt3

¢
w

t3
;x

1
2
.c C db/w

b2
;x C ut2

0 ub2
0 D 0 (31)

In a similar fashion the equations for zone 3 can be derived.
The boundary conditions and continuity conditions have the

same forms as Eqs. (19–21). If we adopt the commonly used
assumption3;5;6 that imperfection does not affect the membrane
state, then the N ti

x x ; i D 1; 2; 3; 4; and N
b j
xx ; j D 1; 2; 3; can be re-

placed by membrane state resultant force N ti .0/
x x ; i D 1; 2; 3; 4; and

N
b j .0/

x x ; j D 1; 2; 3, respectively, in the preceding equations, as well
as the correspondingboundary conditions.

IV. Results and Discussion
A numerical scheme for solving the nonlinear equations of sim-

ply supported sandwich beams has been formulated. The geom-
etry of this investigated structure is shown in Fig. 1, where the
length of the sandwich beam L D 300 mm, (X2 X1/=L D 22=65,
(X3 X2/=L D 15=65, (X4 X3/=L D 28=65; the core height c D
20 mm, beam width is 50 mm; the face sheet thickness dt1 D dt4 D
db D 1:5 mm, dt2 D 0:5 mm, and dt3 D 1:0 mm. The face sheets
are made from graphite/epoxy with E f D Eft D Efb D 1:38 £
1011 N/m2 , the honeycomb core with Ec D 0:002E f , and Ec=G c D
2:66. The unsymmetrical imperfection modes in the face sheets
are assumed to be Nwt .x/ D W t

imp sin.n¼x=L/ and Nwb.x/ D
W b

imp sin. n¼x=L/; with n D 1, and W t
imp D W b

imp D c=10, where

Fig. 3 De� ections for the top and bottom face sheets of simply sup-
ported sandwich beam without a delaminations for P/Pcr = 0:2.

Fig. 4 De� ections for the top and bottom face sheets of simply sup-
ported sandwich beam with a delamination inside the top face sheet for
P/Pcr = 0:2.

Fig.5 Distribution of shearstress for simplysupportedsandwich beam
without delaminations for P/Pcr = 0:2.

c is the height of the core. The results shown in Figs. 3–8 and
Figs. 9–14 are calculatedunder two loading levels, P=Pcr D 0:2 and
P=Pcr D 0:435, respectively, where Pcr is the classical critical load
of the sandwich structure without delaminations.

Figures 4 and 10 are the de� ections of the skins. It can be seen
that the buckled shapes of zones 1 and 3 form a global buckling
mode and that of zone 2, which includes delamination, represents
a local buckling mode. A coupling of the local and global buckling
modes occurs in this structure. However, under these same load-
ing levels, the structure without a delamination buckled only in the
global mode (Figs. 3 and 9). It is also shown that the displacements
in zone 2, which includes the delamination, are separated that is,
the delaminated part of the skin in zone 2 does not overlap with the
substrate. This separation pattern justi� es that the approaches em-
ployed in the presentwork may be an appropriatemethod in dealing
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Fig. 6 Distribution of shear stress for a simply supported sandwich
beam with a delamination inside the top face sheet for P/Pcr = 0:2.

Fig. 7 Peeling stress distribution of simply supported sandwich beam
without delaminations for P/Pcr = 0:2.

Fig.8 Peeling stress distributionofa simply supported sandwich struc-
ture with a delamination inside the top face sheet for P/Pcr = 0:2.

with delaminations in sandwich constructure. From a study of the
literature,5;11;12 it can be found that the behavior of the sandwich
panels and composite panels are quite different even when no de-
laminations are involved. In the case of composites, the responseof
the structure due to in-plane compressive loading is limited to the
rigiditiesof thecompositesonly.However, for a sandwichpanelwith
a soft core, there is an interaction between the top and bottom face
sheets and the core. The structure resists bending through coupling
(compressionin one face sheet and tension in the other) and shear in
the face sheets and the core.Therefore,bucklingof delaminatedface
sheets may occur in the presence of bending moments as opposed
to the case of delamination in monolithic compositepanels where it
occurs as a result of compressive loading only. In the current exam-
ple of a compressed sandwich panel, the in-plane resultants depend
not only on the compressive loading,but also simultaneouslyon the
bending as the result of the buckling of the sandwich constructure.

Fig. 9 De� ections for the top and bottom face sheets of simply sup-
ported sandwich beam without delaminations for P/Pcr = 0:435.

Fig. 10 De� ections for the top and bottom face sheets of simply sup-
ported sandwich beam with a delamination inside the top face sheet for
P/Pcr = 0:435.

Fig. 11 Distribution of shear stress for simply supported sandwich
beam without delaminations for P/Pcr = 0:435.

The distribution of shear stresses between the interface of the
face sheets and core are presented Figs. 6 and 12 and Figs. 5 and
11 for the panels with delamination and without delamination, re-
spectively. These results show that when the load is increased by
2.175 times, the maximum shear increased by 6.533 times for the
panel with delamination but by 2.263 times without delamination.
There is a similar tendency in the peeling stresses between the face
sheets and the core (Table 1). Figures 7 and 8 and Figs. 13 and 14
are peeling stress distributionsfor the cases of delamination and no
delaminationin the structure, respectively.Because of the introduc-
tion of delamination, there is a high stress concentration both on
the peeling stresses and the shear stresses in zone 2 where the
face sheet delaminated. Under the load level P=Pcr D 0:435, the
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Table 1 Stress-loading sensitiveness ( £ £ 105 N/m2 )

Shear stress Peeling stress

No With No With
P=Pcr delamination delamination delamination delamination

0.2 0.95 1.5 0.085/0.085a 6.95/10.05
0.435 2.15 9.8 0.225/0.225 37.5/62.5
Ratio 2.26 6.53 2.64/2.64 5.4/6.22

aValues for top and bottom face, respectively.

Fig. 12 Distribution of shear stress for simply supported sandwich
beam with a delamination inside the top face sheet for P/Pcr = 0:435.

Fig. 13 Peeling stress distribution of simply supported sandwich beam
without delaminations for P/Pcr = 0:435.

Fig. 14 Peeling stress distributionof simply supported sandwich struc-
ture with a delamination inside the top face sheet for P/Pcr = 0:435.

Table 2 Peeling stress changes ( £ £ 105 N/m2 )

Maximum No With
P=Pcr absolute value delamination delamination Ratio

0.2 Top face 0.085 6.95 81.8
0.2 Bottom face 0.085 10.05 118
0.435 Top face 0.225 37.5 167
0.435 Bottom face 0.225 62.5 278

maximum peeling stress of the sandwich panel with delamination is
278 times that of the structurewith no delaminations (Table 2). The
dramatic increases on both shear and peeling stresses between the
face sheets and the core may make the structure much easier to be
debonded. Once the debonding occurs, the sandwich panel, which
was designed principally as an ef� cient integral structure, behaves
like two separate thin composite sheets lying on a very soft founda-
tion; thus, it can not maintain its exceptional sandwich character.

V. Conclusions
Becauseof the stronginteractionbetweenthe facesheetsandcore,

the theories and formulations for composite delamination buckling
cannot be directly applied to the case of a delaminated sandwich
structure.However, the approach proposed in the paper can be used
to handle this interactionproperly.Using our model, which is based
on a higher-order core theory, we � nd that the local and global
buckling modes can be more easily coupled due to the presence
of the delaminations in the face sheets. This coupling of local–
global buckling modes may contribute to the analytical complexity
of this phenomenon.Furthermore, the shear stresses and the peeling
stresses of the sandwich structure become more sensitive to the
applied load levels,andhighstressconcentrationsin thedelaminated
zone increase the possibility of complete debonding of the face
sheets and the core. Therefore, delamination in a sandwich panel
can be a kind of severe failure mode for sandwich construction.
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