AIAA JOURNAL
Vol. 46, No. 3, March 2008

Static Analysis of Sandwich Panels
with Square Honeycomb Core

Rakesh K. Kapania,* Hazem E. Soliman,! Summit Vasudeva,! Owen Hughes,# and
Dhaval P. Makhecha#
Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

DOI: 10.2514/1.28121

Static analysis of sandwich panels with a square honeycomb core is performed using the finite element approach
applied to the plate theories. The constitutive behavior of an equivalent continuum to the core is obtained using the
strain energy approach. The displacement field of the sandwich panel modeled using the equivalent continuum is
then compared with results obtained from a highly detailed finite element method created in ABAQUS. The
comparison shows the results of the higher-order shear deformation theory in error of 7.6% compared with the
detailed model results. An equivalent single layer finite element method for the sandwich panel was then created in
ABAQUS and the displacement results of this equivalent single layer model are compared with those obtained from
the detailed finite element method. This comparison reveals an error of 6.1 % in the results between the two models. A
comparison between the equivalent single layer model and the highly detailed model is presented for different core
relative densities at two locations of the sandwich panel. A detailed finite element method analysis of the unit cell of the
square honeycomb was next performed using ABAQUS and the flexibility approach. Comparison between the
equivalent strain energy approach and flexibility approach applied to detailed ABAQUS models of the unit cell

proved the equivalent strain energy approach to be efficient.

Nomenclature

coefficients of the stiffness matrix

E, = Young’s modulus of the material used to
manufacture the honeycomb

= thickness of the kth layer

u® = x-direction displacement of a point on the
midplane of the plate

V0 = y-direction displacement of a point on the
midplane of the plate

w = total strain energy of a unit cell of the square
honeycomb

w? = z-direction displacement of a point on the
midplane of the plate

wy, I, € ¢ = functions used in the higher-order shear
deformation theory

2 = local transverse coordinate with its origin at the
midplane of the kth layer

& = strain components

brs Dy = zigzag functions

Py = relative density of the core

v, = rotation of the midplane normal about the y axis

¥y rotation of the midplane normal about the x axis
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I. Introduction

ANDWICH panels have been the focus of numerous studies
done in the past few decades due to their high strength to weight
ratio and high energy absorption characteristics. The use of sandwich
panels is gaining momentum in different industries such as
aerospace, automotive, and shipbuilding. Sandwich panels having a
honeycomb core constitute the state of the art of lightweight
construction due to the amount of weight savings and high strength.
Although it is very important to study the sandwich structures as a
whole, it is equally important to analyze the honeycomb core to
estimate the material properties of this type of structure to identify its
impact on the constitutive behavior. This appears to be the best way
in which we can design cores for enhanced energy absorption
capability to resist blast and impact loads. The study of the static and
dynamic response of honeycomb cores, as well as sandwich panels
with other types of cores, has been the focus of many researchers in
the past. However, based on an extensive literature study by Noor
et al. [1] and to the author’s knowledge, studying in detail the
complete constitutive behavior of sandwich panels with a
honeycomb core has not been attempted theoretically or
experimentally.

Many researchers have conducted studies on the properties of
honeycomb structures. Torquato et al. [2] conducted a two-
dimensional study on the properties of hexagonal, square, and
triangular honeycombs. Their study included two approaches, a
homogenization approach and a discrete network analysis.
Christensen [3] has conducted a two- and three-dimensional study
on hexagonal and triangular, a combination of hexagonal and
triangular honeycomb, and a combination of hexagonal and star
honeycomb structures. Hayes et al. [4] provided simple analytical
formulas to obtain the elastic properties of the equivalent continuum
to the honeycomb structures based on Timoshenko’s beam theory, in
addition to some experimental results and provided the response of
honeycomb structures to dynamic loading. The idea of using
Timoshenko’s beam theory, however, to obtain the elastic properties
of cellular structures, does not appear to be efficient because it does
not represent all the deformations that could be encountered by a cell
wall of ahoneycomb core. Baker et al. [5] conducted an experimental
study on the energy absorption of honeycomb structures made of
thick-walled aluminum and stainless steel and having a sinusoidal
shape with a straight wall running between every two sinusoidal
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waves. Liang and Chen [6] presented the Treble series solution of
buckling mode and derived the formulas for determining the critical
compressive stress of the square honeycomb. In a series of
publications, Papka and Kyriakides [7-10] studied the in-plane
compressive response and crushing of honeycombs.

Karagiozova and Yu [11] employed a limit analysis to identify the
plastic deformation modes of a hexagonal honeycomb for high
thickness to length ratios under in-plane biaxial compression. Other
publications [12,13] dealt with that subject as well. Wang and
McDowell [14] conducted a study to find the initial yield surfaces of
different honeycomb structures including the square and hexagonal
honeycomb.

Hohe et al. [15-17] presented a homogenization procedure based
on the strain energy equivalence between two bodies if they both
have the same response to the same type of loading, subject to the
same boundary conditions, and have the same shape with the
exception that one of the bodies contains a cellular structure whereas
the second body is a continuum. Hohe et al. applied this equivalence
to honeycomb structures assuming the existence of an equivalent
continuum structure. The determination of the stiffness matrix
started by assuming that the deformations in each cell wall of the
cellular structure will follow the exact deformation pattern of its
edge, i.e., the displacement field is uniform through the depth of the
cell wall. Hohe et al. then assumed the edge of the cell wall to deform
as a beam. Starting with the displacement field based on
Timoshenko’s beam theory, Hohe et al. obtained the strains in the
cell wall and then assumed a state of plane stress for the cell walls and
obtained the stresses in the cell walls using Hooke’s law. From the
stresses and strains, the strain energy of the entire unit cell is obtained
by summing up the strain energy of the individual cell walls. The
stiffness matrix is then simply obtained from the strain energy
expression. To the authors, the procedure introduced by Hohe et al. is
the most recent and most complete as far as obtaining the constitutive
behavior of the continuum equivalent to the honeycomb structure is
concerned. We point out that developing equivalent continuum is
similar to the equivalent plate models that are very prevalent in the
aeroelasticity and wing structural analysis (Gern et al. [18], Liu and
Kapania [19], Livne et al. [20], and Giles [21]).

In this paper, the constitutive behavior of equivalent continuum to
the square honeycomb is obtained using the procedure outlined by
Hohe and Becker [17]. We then incorporated the properties obtained
in an in-house code that solve sandwich panels to obtain the stress
and displacement fields using the finite element (FE) approach
applied to the classical laminated plate theory (CLPT) and first-order
shear deformation theory (FSDT), as well as the higher-order shear
deformation theory (HSDT) [22-26]. For a detailed review of
existing theories to analyze complex shear-deformable structures, we
refer to the paper by Kapania and Raciti [27].

We also present detailed finite element method (FEM) results for a
sandwich panel with a square honeycomb core; these results were
obtained using ABAQUS. A comparison between the two
procedures shows that the HSDT results are in error of 7.6%
compared with the detailed FEM ABAQUS model. We present an
equivalent single layer (ESL) finite element method analysis of the
sandwich panel with the continuum core equivalent to the square
honeycomb that was created in ABAQUS. Comparison of the
displacement field results of this model, with respect to the highly
detailed FEM of the sandwich panel with a square honeycomb core,
shows the ESL model to be in error of 6.1%. Another comparison
between the ESL model and the highly detailed model was carried
out for different core densities, (10, 15, 20%), at two locations of the
sandwich panel, (0.5L,0.5L) and (0.25L, 0.25L). This comparison
shows that the error decreases as the relative density decreases. An
investigation of the accuracy of the strain energy approach to
calculate the constitutive behavior of the continuum equivalent to the
square honeycomb core using detailed ABAQUS models of the unit
cells of the square honeycomb is pursued. This investigation proves
that the homogenization approach by means of the strain energy
equivalence is accurate. We then present simple formulas that
correlate the constitutive behavior of a continuum equivalent to the
square honeycomb as a function of the relative density of the
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Fig. 1 Representative volume element of the square honeycomb.

honeycomb and the elastic modulus of the material used to
manufacture the square honeycomb.

II. Strain Energy Approach

The homogenization procedure using the strain energy
equivalence approach was developed by Hohe et al. [15-17]. The
reader is directed to these references for a complete description of this
approach. For brevity and completeness, only a brief review of this
procedure applied to the square honeycomb is presented here; more
details are offered in Appendix A for the reader’s convenience. The
approach is based on the fundamental concept that for any volume
element containing cellular material, there is an equivalent
homogeneous continuum element that has the same strain energy per
unit surface area as the cellular structure, provided that both volume
elements are subject to the same loading and boundary conditions.

Figure 1 shows an appropriate representative volume element of
the square honeycomb. The total strain energy of the volume element
is calculated as the sum of the strain energy of the different cell walls
contained in this volume element.

The representative volume element of the square honeycomb
contains four cell walls. The displacement field for each of the cell
walls is assumed to be uniform in the direction normal to the plane of
Fig. 1. A Timoshenko beam displacement field is assumed for the cell
wall edges shown in Fig. 1. Figure 2 shows the details of breaking up
the element into cell walls and the displacement field in the two-
dimensional plane of the square honeycomb. The strain field in each
cell wall is calculated using the appropriate strain-displacement
relations. The stress field is then calculated from the strain field by
means of Hooke’s law in conjunction with the plane stress
assumption in the cell walls. The total strain energy of each cell wall
is then calculated as the volume integration of the strain energy
density. The coefficients of the stiffness matrix C;j, are then
calculated by differentiating the sum of the total strain energy of all
the cell walls in the volume element using the following expression:

W
= ———— 1
Cljk/ agijaskl ( )

where W is the sum of the total strain energy of all the cell walls in the
volume element.

The constitutive behavior of the continuum equivalent to the
square honeycomb is noticed to be identical to transversely isotropic
materials.

III. Plate Theories

In this study, the analysis of sandwich panels is carried out using
an in-house code that solves sandwich plate problems using the finite
element approach applied to the CLT, FSDT and HSDT. In this
section, we introduce a comparison between the kinematics of the
different plate theories.
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Fig. 2 Square honeycomb element dissected into four cell walls and the assumed displacement field (adapted from Hohe and Becker [17]).

The displacement field in the most general case takes the form

u(x,y,2) =u’(x.y) + 20 (x,y) + 226, (x.y) + 236, (x.y) + ¢, (x.y)
v(x,y,2) =00 (x,y) + 2, (x,y) + 226, (x,y) + 236, (x,y) + S, (x,)
w(x,y,2) =w’(x,y) +zw; (x,y) +2°T(x,y)  S*=2(=1)*z/hy

2)

where u°(x, y), v’ (x, y), and w®(x, y) are the displacements of a point
(x, y) on the midplane.

The rotations of the midplane normal about the y and x axes are
represented by ¥, ¥, respectively.

The functions w,, T, £,, &, ¢, §, are used only in the HSDT.

The zigzag functions are shown as ¢,, ¢,.

The local transverse coordinate with its origin at the midplane of
the kth layer is z;.

The thickness of the kth layer is &,

In the CLPT [20], the normal to the midplane before deformations
is assumed to remain straight and normal to the midplane after
deformation. This assumption leads to the following:

ow ow

w) :F:%‘.\'ZS)':;V:;V:¢X:¢)1:0
In the FSDT [20], it is assumed that the normal to the midplane

before deformation remains straight but not necessarily normal to the
midplane after deformation. This assumption leads to the following:

1//)r = gx 1//)1 = 9}'
:FZS)c:gy:Cx:é‘y:¢x:¢y:O
In the HSDT [22], the in-plane displacements « and v are assumed
to have a cubic distribution and, therefore, Egs. (2) represent the

displacement field. In these equations, the functions wy, I, §,,§,, ¢,,
and §, are higher-order terms.

“)

IV. Finite Element Formulations

The derivations of the finite element models for the plate theories
used can be found in literature [22-26]. For a review of existing plate
and shell elements used for analysis of plates and shells, we refer to
the paper by Yang et al. [28]

A brief discussion of the elements is presented here for the reader’s
convenience. An eight-node serendipity quadrilateral plate element

was used for all the FEM analyses. The number of degrees of
freedom per node used in the CLPT and FSDT element was five,
whereas in the HSDT element, the number was 13. Table ] lists the
degrees of freedom for each of these elements.

The analysis was carried out for a square plate with length
L = 200 mm. The thickness of the face sheets is 2 mm each, whereas
the core thickness is 6 mm. In this analysis, the properties used for the
square honeycomb are those obtained for the continuum equivalent
to the square honeycomb. Both face sheets and honeycomb core are
made of aluminum with Young’s modulus of 69 GPa and Poisson’s
ratio of 0.25. The plate is subject to an out-of-plane pressure of 1 MPa
and simply supported boundary conditions on all four sides. The
boundary conditions are presented in Eq. (3).

@x==+L/2, v=0, w =0, 0,=0
@y =+L/2, u=0, w =0, 0,=0

(&)

The results obtained for the transverse displacement of the center
point of the plate using the finite element approach applied to the
CLPT, FSDT and HSDT are then compared with those obtained from
adetailed FEM created using ABAQUS. The comparison shows that
the HSDT results are in error of 7.6% when compared with the
detailed ABAQUS model.

V. ABAQUS Models

A detailed ABAQUS model was created for the sandwich plate
with a square honeycomb core. In this model, the square honeycomb
core is modeled in great detail, i.e., the cell walls of the square
honeycomb are modeled using shell elements; Fig. 3 shows a picture
of this plate model with the top and bottom face sheets removed for
clarity. In this model, the face sheets and the cell walls of the
honeycomb core were modeled using two-dimensional elements in
ABAQUS of type S4RS5. The plate is simply supported at all four
edges. The square plate dimensions are 200 - 200 - 10 mm and the
face sheets are 2 mm thick each, whereas the core is 6 mm thick. The

Table 1 Degrees of freedom used in each of finite

element formulations
Theory Degrees of freedom
CLPT u®, 00, w, ¥, ¥y
FSDT u®, %, wl, 6., 6,
HSDT ul, %, w0, 0,0, w, T 6L &, 8 8y s By
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bt
Fig. 3 Detailed ABAQUS model of sandwich plate with square
honeycomb core. Face sheets removed for clarity.

Square Honeycomb N
ODB: @qrmod.odb — ASAQUS/STANDARD Version 6.5-1 Tue Jun 14 09:081 CXgstern standard Time 2003

Fig. 5 Finite element model of the unit cell of the square honeycomb
using ABAQUS.

element library used in ABAQUS was S4RS5 with an element size of
1-1 mm.

An ESL model of the sandwich panel with a continuum core
possessing the properties of the square honeycomb obtained via the
strain energy approach was created in ABAQUS to evaluate the use
of the ESL approach in the analysis of this type of sandwich structure.
The library S4R5 of shell elements was used in this model and the
panel was subject to the same loads and boundary conditions. The
displacement results of this model showed an error of 6.1% when
compared with the displacement results obtained from the detailed
ABAQUS model of the sandwich panel with the square honeycomb
core. Figure 4 shows the ESL model created in ABAQUS for the
sandwich panel we are studying. Another comparison between the
displacement field obtained using the ESL model and that obtained
using the highly detailed FEM was carried out for core relative

densities of 10, 15, and 20% at the center point (0.5L,0.5L) of the
plate and at (0.25L,0.25L). This comparison shows that the error
decreases as the relative density decrease.

A detailed ABAQUS model for a unit cell of the square
honeycomb was created for the purpose of verifying the accuracy of
the strain-energy-based homogenization procedure followed to
obtain the properties of the continuum equivalent to the square
honeycomb. The unit cell of the square honeycomb was modeled at
20% relative density. Figure 5 shows the FEM of the unit cell created
in ABAQUS. The properties were obtained using the flexibility
approach applied to this model. The results showed that the strain
energy approach followed to obtain the properties of the continuum
equivalent to the square honeycomb is highly accurate.

VI. Results

The sandwich structure with a square honeycomb core was
studied. The plate dimensions are 200 -200- 100 mm with the
thickness of the face sheets taken to be 2 mm each and the core
thickness is 6 mm. The plate is subject to an out-of-plane pressure of
1 MPa and simply supported boundary conditions at all four sides.
The properties of the continuum equivalent to the square honeycomb
core were obtained using a strain-energy-based homogenization
approach, in which the strain energy of all the cell walls composing
the representative volume element of the square honeycomb are
calculated, summed, and differentiated with respect to the strains to
obtain the final stiffness matrix of the chosen representative volume
element of the square honeycomb. These properties were then
incorporated into an in-house code that solves sandwich plate
problems using the finite element approach applied to the different
plate theories, CLPT, FSDT, and HSDT. The results for the
displacement field of the sandwich plate are then obtained.

A detailed finite element model for the sandwich plate was created
using ABAQUS; the dimensions, loads, and boundary conditions are
same as those used in the aforementioned finite element analysis. In
this model, the cell walls of the square honeycomb were modeled
using shell elements. The shell elements used in the ABAQUS model
were element of type S4RS. The displacement field obtained from
this model was then compared with the displacement obtained from
the in-house code. This comparison shows that the HSDT is in error
of 7.6% with respect to the ABAQUS results, whereas FSDT is in
error of 15%, and CLPT is in error of 15.5% with respect to the
ABAQUS detailed model.

An ESL model of the sandwich panel with continuum core,
possessing the properties of the square honeycomb, obtained using
the strain energy approach was created in ABAQUS to evaluate the
ESL approach in the analysis of this problem. The displacement field
obtained from this model was then compared with the displacement
field obtained from the ABAQUS detailed model and the comparison
shows that the ESL model results are in error of 6.1% with respect to
the ABAQUS detailed model. Table 2 lists the values of the
transverse displacement at the center point of the plate for all the
analysis techniques mentioned before.

Another comparison was carried out between the displacement
field obtained using the ESL model and that obtained using the
highly detailed FEM for core relative densities 10, 15, and 20% at
(0.5L,0.5L) and at (0.25L,0.25L). The results show that the error
decreases with an increase in the relative density. These results are
listed in Table 3.

The results listed in Tables 2 and 3 led us to investigate the
possibility that the homogenization procedure might not be accurate
enough to produce the properties of a continuum equivalent to the
square honeycomb and a verification of this procedure was needed.

Table 2 Results of the displacement at the center point of the sandwich plate

ABAQUS detailed model S4R5

Equivalent plate theory

ABAQUS ESL model S4R5 CLPT FSDT HSDT

1.528 mm

1.435 mm

1.291 mm  1.295mm  1.412 mm
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Table 3 Comparison between ESL model and highly detailed FEM

Pr Location Three-dimensional model Two-dimensional model, ESL Error
10% (0.5L,0.5L) 1.625 1.54 52%
(0.25L,0.25L) 0.8537 0.8435 1.2%
15% (0.5L,0.5L) 1.56 1.472 5.6%
(0.25L,0.25L) 0.8002 0.7831 2.1%
20% (0.5L,0.5L) 1.528 1.435 6.1%
(0.25L,0.25L) 0.7697 0.744 3.3%

Table 4 Strain energy based approach vs flexibility approach
applied using ABAQUS

Ciju» MPa  Flexibility approach  Strain energy approach  Error

Cin 7360 7360 0%
Cim 0 0 0%
Ciiss 1840 1840 0%
Comn 7360 7360 0%
Conss 1840 1840 0%
Canns 14260 14720 3.2%
Conns 2748.64 2760 0.4%
Cias 2748.64 2760 0.4%
Cias 37.07 35.94 3%

For this purpose, a detailed finite element model of the unit cell of
the square honeycomb was created in ABAQUS, the properties
of the square honeycomb were found using the flexibility approach
applied to this finite element model. Table 4 shows the results
obtained for the properties obtained for the continuum equiva-
lent to the square honeycomb using the strain-energy-based
homogenization approach against the properties obtained for the
square honeycomb by means of the flexibility approach applied
to the unit cell of the square honeycomb. The results show that
the strain-energy-based approach is highly accurate; in addi-
tion, it shows that the square honeycomb behaves as a transversely
isotropic material. Another interesting conclusion drawn from these
results is that Poisson’s ration v, of the equivalent continuum
vanishes.

In an effort to make finding the properties of the continuum
equivalent to the square honeycomb easy, the coefficients C;;, were
calculated for the range of relative density between 10-50%. The
values for each of the C;j, normalized by Young’s modulus of the
material used to manufacture the honeycomb was plotted vs the
relative density; the plots show linear variation for all C;;; except for
C1,1,. Figures 6-10 show these plots, whereas Eqs. (6) represent the
corresponding formulas to obtain the coefficients C;jy;.

Ciiii . C3333
=i~ 0.53333p,. =12 333 — 1.06667p,
= pr i - p

c c

C1133 — C2233 =0 13333'0 C1313 — C2323 =0 2)0
E, E, ' ' E, E, o

C1212

(6)

= 0.0563p2°'

c

Where p, is the relative density. Young’s modulus of the material
used to manufacture the square honeycomb is E..

VII. Conclusions

The static analysis of sandwich panels with isotropic face sheets
and a square honeycomb core was studied. The properties of the
continuum equivalent to the square honeycomb core were obtained
using a strain-energy-based approach. These properties were then
incorporated into an in-house code that solves sandwich panel
problems using the finite element method applied to the different
plate theories, CLPT, FSDT, and HSDT, and the displacement field
was obtained. For verification of the results, a highly detailed
ABAQUS model was created for the sandwich panel with a square

honeycomb core; in this model, the square honeycomb cell walls
were modeled using shell elements. In both cases, the sandwich panel
considered was 200-200-10 mm, subject to an out-of-plane
pressure and simply supported boundary conditions at all four sides
of the panel. The comparison between the results for the transverse
displacement at the center point of the plate shows that HSDT results
are in error of 7.6% compared with the ABAQUS results, whereas
CLPT is in error of 15.5%, and FSDT is in error of 15%. An ESL
model of the sandwich panel with continuum core possessing the
properties of the square honeycomb obtained using the strain-
energy-based approach was created in ABAQUS to verify the
validity of using the ESL approach in the analysis of this type of
sandwich panels. The ESL plate model, having the same dimensions
and being subject to the same loading and boundary conditions, was
analyzed and the displacement field was obtained. Comparison
between the displacement results from the ESL model and the highly
detailed model showed that the ESL model is in error of 6.1% with
respect to the detailed model. A further investigation of the accuracy
of the ESL model compared with the highly detailed FEM was
carried out by comparing the displacement field obtained using both
approaches for core relative densities 10, 15, and 20%. The results
show that the error decreases with the decrease of the relative density.

To investigate the accuracy of the homogenization approach
followed to obtain the properties of the continuum equivalent to the

0.3 4

0.25 4

o
n
L

Cun/Ec, C22/Ec
o
o
L

0.1 4

0.05 T T T T T T T )
10% 15% 20% 25% 30% 35% 40% 45% 50%

P
Fig. 6 Variation of C;;;; and C5,,, with respect to the relative density.

0.6 1
0.5 4
0.4 4

0.3 4

Ca333/Ec

0.2 4

0.1

0 T T T T T T T )
10% 15% 20% 25% 30% 35% 40% 45% 50%

pr
Fig. 7 Variation of C;33; with respect to the relative density.



632 KAPANIA ET AL.

0.08

0.07

0.06 -

0.05 -

0.04 -

0.03 -

Cuss/E,., C23/E,

0.02

0.01

0 - - - - - - - :
10% 15% 20% 25% 30% 35% 40% 45% 50%
Pr
Fig. 8 Variation of C,,3;3 and C,,;; with respect to the relative density.

0.12

0.1 4

0.08 -

0.06 -

Cu3i3/E,, C3n3/E,

0.04

0.02 1

0 T T T T T T T 1
10% 15% 20% 25% 30% 35% 40% 45% 50%

P
Fig. 9 Variation of C;3;3 and C,3,; with respect to the relative density.

0.008 -
0.007 4
0.006
0.005 4

0.004 4

Cun/E,

0.003 4

0.002

0.001 4

10% 15% 20%  25%  30% 35% 40%  45%  50%
o,
Fig. 10 Variation of C,,;, with respect to the relative density.

square honeycomb, a detailed ABAQUS model was created for the
unit cell of the honeycomb; the properties were then obtained using
the flexibility approach applied to the finite element model. The
results show a very good agreement between the strain-energy-based
homogenization approach and the flexibility approach applied to the
finite element model of the unit cell of the square honeycomb.
Results of the properties also show that the square honeycomb
behaves identically to a transversely isotropic material and all
stiffness coefficients vary linearly with the relative density, except
for the in-plane shear coefficient.

In this study, due to their widespread use, we have focused on
sandwich structures with aluminum face sheets and an aluminum
core. Furthermore, the bond between the core and the face sheets is
considered to be perfect. We realize that there is an increasing interest
in the use of composite face sheets and Nomex core. For such
sandwich panels, the effect of material mismatch between the
material properties of the face sheets and those of the core would be
important and must be studied. However, that was beyond the scope

of this study. We are investigating the behavior of material mismatch
and the impact of the presence of adhesive layers on the integrity of
sandwich panels. A key requirement in such a study would be
determination of the interlaminar stresses and material character-
ization of the adhesives. Interlaminar stresses are often obtained
using a postprocessing technique in which the governing equations
are integrated directly (Byun and Kapania [29]). The rate-dependent
material of adhesives is obtained experimentally and can be used in
any commercial code (Makhecha et al. [30]).

Appendix A

Figure 2 shows the representative two-dimensional volume
element of the square honeycomb, the dissection of that element into
cell walls, and the displacement field.

The total displacement field in a cell wall of length /, thickness z,
and height / is assumed to consist of three parts:

1) Homogeneously distributed normal deformation in the x;—x;
plane

v2)1 —v(1)1
I 1

; _ v (v(2)1—v(1)1
uz(xi)——l_v( i

2) Bending and shear deformation in the x,—x; plane

uj (xp) =v(1)1 +
(A.1)

+ 833))‘2 uh (x;) = £33%3

12 /1 Po
ufl (x;) = _[Eht3 (ECIX% + Cox; + C3) ‘f‘mcl]xz

12 (1 1
Wl (x) = —— (_C|x? + - Cox? + Cyxy + C4) uff ;) =0

Eh’ \6 2
(A2)
where
1 £ 1 v(2)2 — v(1)2
=—Eh— -2 Ap(l Ap(2
Ci=3 hlzl+a( ] + Ap(l) + Ap(2)
1 £ 1 v(2)2 —v(1)2
= Eh" — 4+ a)Ae(l
©=5 h11+a(6 I 4+ a)ae(l)

-(2- 0t)Atﬂ(Z))

1 I v(2)2—-v(1)2 2+«
Cy;=—Fh
TRt a (“ I Tt
o= % a- v)% Timoshenko theory
0 Euler-Bernolli theory

2g(1) =5 202

1 3
Cy =5 Eru(1)2

3) Homogeneously distributed transverse shear deformation

(x;—x3 plane)
u(x;) =0 uy'(x;) =0
— A3
i) =13 4 LRI (A3)
where E and vin Egs. (A.1), (A.2), and (A.3) are the elastic constants
of the cell material.

The total displacement field is given by u = u! + u!’ + u!"’. From
the displacement field, the strain field of the cell wall can be obtained
by partial differentiation. The stress field is then obtained from the
strain field via Hooke’s law in conjunction with the plane stress
assumption in the cell wall. The strain energy of the cell wall is then
obtained as the volume integration of the sum of the products of the
components of stress and strain. The result of this process lead to the
following:
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Ehtl 1
W= K1 2(1 —
20— T i F e (12+ o( "))
L Ll (A4)
12 2 2 ’
where
(DIN\ T
o 1 -1 —v) /2
Ki=[w20) [ -1 1 v |[|we
E33 -V v €33
12 T 1 _ 1 (1)2
= s =l =
k2= | Ao(D) 2oa T2oa || As)
e | |
1
Ag(2) A A Y-

i (DS (1 =1 (Ae()
a2 ) (-1 1 ) ag)

v3\ 7T 1 —1 v(1)3
K4 = ! !
v(2)3 (_1 1 ) u(§)3
l

To determine the nodal deflections, a relation between the stress
resultants and the nodal deflections is needed. The stress resultants
are obtained by differentiating Eq. (A.4) with respect to the nodal
deflections. The result is expressed in matrix form as follows:

F()\ _ (K Ky (o) K
(F(Z) ) B ( K; KZ ) (U(Z) ) + (K:z )333 (A.5)
where F(i) = [F(i)1, F(i)2, F(i)3, M(i)1]" are the nodal forces and

v(i) = [v(i)1, v(i)2, v(i)3, Ap(i)]" are the nodal deflections
The stiffness matrices are given as

10 0 0

0 0 Bl/2

Eht

Ki=piom |0 0 (-0 0
0 B2 0 Bz

0 0

0 Bl/2

Ky, = K —(1-v)/2 0
2_r
—Bl1/2 0 &2

-1 0 0 0

0 -8 0 —pI

K, = 0 0 —(1-v)2 0
0 B2 0 (%—E)

10 0 0

0 B 0 —Bl1/2

K, = 0 0 (1-v)/2 0
0 —pij2 0 Iy

KIS) Eht T
= —lv 0 0 Iv 0O
(Kzs ' )

The aforementioned relations provide a linear system of equations,
the solution of which provides the nodal deflections of the entire
volume element.
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