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Optimum Design of Composite Honeycomb Sandwich Panels
Subjected to Uniaxial Compression

Jack R. Vinson*
University of Delaware, Newark, Delaware

Sandwich construction provides a very lightweight structural configuration for many load conditions. The use of
composite materials with their high stiffness, high strength, and anisotropy makes sandwich construction even
more competitive for many applications. It is very desirable to design these structures for minimum weight to
insure their most effective use. Closed-form analytical solutions are presented herein for the analysis and design of
minimum weight, composite material hex-cell and square cell honeycomb core sandwich and panels subjected to
in-plane uniaxial compressive loads. These methods account for overstressing, overall buckling, core shear
instability, face wrinkling, and monocell buckling. The optimum face thickness, core depth, cell wall thickness, and
cell size are analytically determined. The methods insure minimum weight, as well as provide methods to compare
various material systems, compare honeycomb sandwich construction with other panel architectures, and assess
the weight penalties associated with using nonoptimum honeycomb sandwich constructions. A comparison of
various polymer, metal, and ceramic matrix composite materials is made by way of example.
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Nomenclature
constant defined Eq. (4)
panel dimension in the load direction
constants defined Eq. (5), / = 1-3
panel dimension in the unloaded directions
constants defined by Eqs. (7-10), / = 1-4
flexural stiffness of the sandwich panel in the
i direction, Efih2

ctf/2(l - vxypy
diameter of an inscribed circle in a honeycomb cell, see
Fig. 2.

E'c — effective core transverse stiffness, see Eq. (19)
Efi = modulus of elasticity of the face material in the

/ direction, / = jc, y
EfT = tangent modulus of the face material in the / direction
FM = factor of merit of the face material,

G't

hc
K

tf =

W =
w^ =
y =

p'. =

effective transverse core shear stiffness in the /
direction (i = x, y), see Eqs. (18) and (19)
extensional stiffness of the sandwich panel in the load
direction, =2tfEfx
sandwich core depth
buckling constant defined by Eq. (3)
boundary condition factor
core geometric factors, see Eqs. (18) and (19), / = 2-4
applied compressive load to the sandwich panel per
unit width in the unloaded direction
core orthotropy factor, (= Vy/Vx = G'cl/G'cv = k3/k4)
face thickness
transverse core shear stiffness, = G'cihc, i = x,y
volume fraction
ratio of face-to-core stiffness ratio, see Eq. (6), / = x, y
weight of sandwich panel per unit planform area
weight of adhesive per unit planform area
plasticity reduction factor
Poisson's ratio defined by Ex vyx = Ey vxy
weight density of the / material, / = c, /
effective weight density of the core material,
see Eq. (18)
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acr = critical buckling stress
a0 = optimum buckling stress, see Eq. (30)
ax = applied stress in the load direction, see Eq. (1)

Introduction

M ANY studies have been made during the last 40 years
to structurally optimize flat sandwich panels. In 1944,

Marguerre1 investigated the optimum buckling strength of
longitudinally stressed flexibly supported plates consisting of
two metal faces and a light filler. Only two buckling equations
were considered: buckling of the plate as a whole, accounting
for the shear elasticity of the filler; and the "crumpling" of the
metal face sheets. Design charts were developed for the elastic
range as well as the inelastic range and, from these diagrams,
the face thickness and the weight and core thickness could be
read directly.

In 1949, Flugge1 studied the structural optimization of
sandwich panels in which he presented nomograms for the
solution of the following problems: 1) the geometric dimen-
sions and the core properties for a given compression load and
minimum weight, 2) the geometrical dimensions and core
properties for a given weight and maximum compressive load,
and 3) the ultimate strength of a given sandwich. In all cases
studied, the materials were isotropic and the following cases
of failure were considered: overall buckling, crinkling (wrin-
kling), and the elastic limit of the faces. The unloaded edges
were free or simply supported. Flugge published another
paper on the subject in 1952.

In 1950, Bijlaard1 approached the subject of sandwich opti-
mization by considering plates with given weight per unit
surface area and computing the ratio of the elastic moduli of
core and faces that lead to a maximum buckling load. He
carried out the optimization for a given ratio between thick-
nesses of the sandwich plate. Only isotropic materials were
considered. An abridgement of this publication appeared in
the Proceedings of the 1st U.S National Congress of Applied
Mechanics in 1951.

Gerard1 briefly discusses sandwich plate optimization in
one chapter of his book, Minimum Weight Analysis of Com-
pression Structures.

Kaechele,1 in 1957, wrote on the minimum-weight design of
sandwich panels. He presented a method for determining the
optimum configuration of flat, simply supported sandwich
panels under uniaxial compression, when the load, width, and
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stress-strain curves for the face material are given. He also
invoked side conditions on the maximum allowable face stress
(or strain) and on core strength or density. He applied the
method to both hexagonal cell and square cell honeycomb
core panels and discussed elevated temperature effects briefly.

In 1960, Heath1 published a paper on the correlation and
extension of existing theory of flat panels of sandwich con-
struction subjected to lengthwise compression. The second
part of this paper was concerned with the optimum design of
flat sandwich panels.

In general, these studies failed to provide a true optimum
for several reasons. It has been long recognized that a truly
optimum structure, having several independent failure modes
under a specific type of loading, will fail simultaneously in
each failure mode for a given applied load. If this is not the
case, it means that one or more modes of failure occurs at a
stress higher than other modes. This in turn means there exists
material in the structure (which has weight) that is not being
stressed or strained sufficiently high for it to be used effi-
ciently. Thus, the weight of that structure can be reduced
further by removing material until all modes of failure occur
simultaneously or by shifting the material to increase the
properties associated with weaker failure modes retaining the
same weight.

Also, the previous optimization studies did not equate the
number of failure modes or other relevant equations to the
number of design degrees of freedom in the structure, in order
that specific unique values of all design parameters can be
determined for the optimum (minimum weight) structure.
Only by equating the number of pertinent equations to the
number of variables can there be a unique minimum weight
solution.

More recently, optimization studies of composite materials
panels have been performed. In 1975, Housner and Stein4

calculated the optimum fiber direction for graphite-epoxy
sandwich panels under axial compression, assuming all ply
angles to be identical. In 1979, Hirano presented a method to
design laminated plates of orthotropic layers under uniaxial
and biaxial compression. He extended that work in 1980.5'6

General
Consider a rectangular sandwich panel of length a (the load

direction), width b, face thickness /y, core depth hc, core cell
wall thickness tc, and diameter d of a circle inscribe as shown
in Fig. 1 for a hexagonal core and Fig. 2 for the hex-cell
honeycomb core. A sketch analogous to Fig. 2 could be drawn
for the square cell honeycomb. It is assumed for this study
that the core is composed of an isotropic material of shear
stiffness Gc and modulus of elasticity Ec. If the core is
orthotropic, the properties normal to the plane of the panel
for Ec and Gc are used. Consider the faces to be composed of
identical composite materials that are balanced about their
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Fig. 1 Sandwich panel.

own plane of symmetry with no unwanted couplings, i.e.,
BIJ = 0 and all 16 and 26 terms = 0. It is assumed that the
in-plane load in the x direction is uniform and has the value
of Nx (load/unit width). Also, it is assumed that the in-plane
loads are resisted only by the faces, not the honeycomb core.
Therefore, the applied compressive face stress in the load
direction is written as

•,-Wf (1)

For an applied load Nx, the face stress ox is, of course,
restricted to some prescribed maximum value to prevent over-
stressing.

Buckling Analysis
The honeycomb sandwich panel shown in Fig. 1 can be

overs tressed according to Eq. (1), but can also buckle in one
of several modes, any one of which will render the panel to be
useless for this study. These modes of buckling are overall
instability, core shear instability, face wrinkling, and face
dimpling (monocell buckling). These are discussed in turn.

Overall Instability
The equation to use for the overall buckling of the subject

panel that includes the effects of transverse shear deformation
is given by

(2)

In this equation, the coefficient K is given by

_Q

K= ———————— V i e
B3C2

(3)

where

A _ /~* s~< n s~<2 j_ JJ /^ I ~D S~< j _ O D / ° _l_ _~L \ f A\A - ^63 - B2C2 + B3C2 ^G! + 2B2C2 + -«- (4)

V B3 =
Dr

(5)

= G'cxhc (6)

The values Q through C4 in Eqs. (3) and (4) are associated
with the boundary conditions and are listed as follows for
completeness, n is the number of waves in the direction of
compressive loading.

Fig. 2 Honeycomb core in planview.
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1) All edges simply supported

n2b2' C3 =

2) Loaded edges simply supported, other edges clamped

, 16 a2

3 n2b2'
4 nW

C2 - 1 > <-3 - 9 :

(8)

3) Loaded edges clamped, other edges simply supported

1 a2

(9)

4) All edges clamped

:x = 4C4 = ̂ - for n = 1

Cl=4C4 =
3(n2 + l) b2

2 3' ^ n2 + 1 fl2

Equation (2) can be reduced to the following expression:

(10)

4(1- (11)

Core Shear Instability
Referring to the expressions for overall stability, if the value

of Vx is increased through increasing the panel bending stiff-
nesses (Dx and Dy) or decreasing the core transverse shear
stiffness (UX2), the values of K in Eq. (3) are decreased. There
exists a value of Vx that causes K to equal l/Vx. This value
depends both on the boundary conditions and the effective
shear moduli of the core (G'cx, G'cy). At this particular value of
K=l/Vx, K is independent of the length-to-width ratio a/b
and n is infinite. For values of Vx greater than this value,
KM — 1/VX9 which is true for a great number of practical
sandwich panels. Under these conditions, the critical stress
can be written as

(12)

Core shear instability is illustrated in Fig. 3.

Table 1 Boundary condition factors kt for
various edge conditions

Boundary condition kv

All edges simply supported 1
Loaded edges simply supported,

other edges clamped 3/4
Loaded edges clamped,

other edges simply supported 1
All edges clamped 3/4

This value of critical stress is called the core shear instabil-
ity stress and cannot be exceeded for any given sandwich
construction. It is seen that this stress is independent of the
panel length, width, and boundary conditions.

The particular value of Vx at which KM = l/Vx, at which
the critical stresses given by Eqs. (1) and (12) are equal, as
stated before, is given in Eq. (13) and is dependent upon the
boundary conditions and the effective shear modulus of the
core, G'cx and G'cy. The values for the boundary condition
factors &! are listed in Table 1.

(13)

Face Wrinkling Instability
Wrinkling occurs across many cells of the honeycomb core

and, under the loading conditions described here, extends
across the width of the plate, but is localized in the direction
of the axial load; that is, the wrinkle is essentially a short
wavelength buckle, as shown in Fig. 4.

Heath1 derived an expression for this mode of instability for
the case of isotropic materials as

(14)

Heath defined E'c incorrectly in his paper, but Hemp1 clarified
the point. The face wrinkling stability equation for isotropic
faces given by Eq. 14 can be modified analogously to the
following expression for anisotropic materials:

3" TT (l-vV yx
(15)

Monocell Buckling or Face Dimpling
In honeycomb core sandwiches, a fourth type of instability

occurs because the faces over one cell can buckle as a small
plate supported by the cell walls. Methods of analysis devel-
oped at the Forest Products Laboratory used an empirical
equation having the form of the plate buckling equation with
the numerical coefficient determined by empirical means. The
result for an isotropic face material is

2Et<fT <A2

For anisotropic faces, the expression can be written as

(16)

(17)

Core Properties
Mechanical properties of honeycomb core used in the previ-

ous equations are called "effective" and are designated with a
prime, because they are properties associated with the core
acting as a homogeneous material having these "effective"
properties. They are functions of the core materials Ec, Gcx,

Fig. 3 Core shear instability.
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and Gcy, the core wall thickness tc, and the cell size d. To
truly optimize the structure for minimum weight, it is ad-
vantageous to relate the apparent properties back to funda-
mental geometry and material properties.

For hexagonal cell honeycomb core having some double
walls as shown in Fig. 2, the properties were developed by
Kaechele.1

For hexagonal cell construction of Fig. 2 as well as other
types of honeycomb core, the effective core properties can be
related to the geometry and actual material properties as
follows:

(18)

(19)

(20)

E' = k2(tc/d)Ec

It is seen from Eqs. (5), (18), and (19) that

For the construction of Fig. 2 as well as the square cell
honeycomb, the values of A:2, A:3, and k4 are given in Table 2,
according to Kaechele1 and MIL HDBK-23.

For other honeycomb configurations, the values of these
constants can be easily derived using the methods of Kaechele.1

Plasticity Effects
The extension of elastic buckling theory to account for the

buckling of structures at stresses above the proportional limit
of the material has been studied widely. Many investigations
have used the elastic equations, where Young's modulus E has
been multiplied by a plasticity reduction factor 17. However,
there is considerable difference of opinion about a correct
form for TJ. These expressions range in complexity and it is
not at all clear which expression has more merit. For this
structural optimization, if the compressive stress strain curve
of the face material has a proportional limit, then for stresses
above the proportional limit, all values of Ejx can be replaced
by Ejx, where

Ejx = tlEfx (21)

It is unlikely that for the uniaxial compression in the x
direction that the stresses in the y direction will cause devia-
tion from the elastic value Ey, but this could also be modified
in that case.

Structural Optimization
For a honeycomb sandwich panel of a given length, width,

and applied load, the variables with which to optimize the
structure are the face thickness fy, core depth hc, core wall
thickness tc, cell size (denoted by d), as well as the face and
core materials. In the following, it is assumed that the materi-
als are given, either because they are specified by other consid-
erations or, alternatively, that the optimizations are performed
for each of several materials and the results compared on a

Table 2 Values of k2, £3, and k4
for various honeycomb constructions

Type of construction

Hex-cell (Kaechele)
Hex-cell (MIL HDBK-23)
Square cell (Kaechele)
Square cell (MIL HDBK-23)

k2

8/3
8/3

2
2

k,
5/3
4/3
1
1

*4

1
8/15

1
1

basis of weight as a function of the load index to ultimately
select the best materials.

The minimum weight structure will occur when the critical
stresses for each mode of instability given in Eqs. (11), (12),
(15), and (17-24) are equal, with an upper bound on the stress
being some maximum set value, probably a function of the
ultimate face stress. To restate the philosophy, the sandwich
panel is rendered useless if any of the four modes of buckling
occurs. Hence, if one mode has a critical stress higher than
others, material can be shifted, with no change of weight, until
all buckling modes occur simultaneously at a critical stress a0.
It is seen that under these conditions the following equation
can be substituted for Eq. (11):

Vx = k^r (22)

since for this equality, the critical stress for the overall stabil-
ity equals the critical stress for the core shear instability.

To obtain a weight per unit area of the honeycomb sand-
wich structure, the following may be used:

(23)

The weight of the adhesive or other joining material cannot
be easily related to the variables discussed earlier and are
dependent upon the material, method of joining, fabrication
techniques, and skill and temperament of the personnel. Since
in many cases, this is a small fraction of the weight and,
because of the factors involved, it will not be specified further
and need not be accounted for in the comparisons to select
the optimum geometry and materials. However, care should
be used to include it when comparing structures employing no
adhesive or with other types of construction.

Substituting in the value of the core properties, the final set
of relations to utilize in the optimization are given as

*"=Tli h;^ (24)

Fig. 4 Face wrinkling
instability.

Load Index, N x / b (psi x 103 )

Fig. 5 Materials comparison.



1694 J. R. VINSON AIAA JOURNAL

Table 3 Materials comparison

Material Configuration VF, % p,lb/in.3 ault,ksia FMb Ref.

T300/934
C/epoxy
T300/5208
T300/SP286
B/2024A1
B/6061A1
B(B4C)/A1
B/5052A1
B/1100A1
B/3002A1
B/6061
AS/3501
AS1/3501-6
B/A1
Borsic/Al
B/epoxy
B/epoxy
B/epoxy
T300/2500
«Al203/Mg
Kevlar49/epoxy
SiC/6061Al
S glass/xp-251
yAl203/Al
yAl2O3/Al-5Cu
SiC/Ti
«A12O2/A1
SiC/Ti-6Al-4V
2024 Al
Titanium
Titanium
E glass/epoxy
Welton 80 steel

Unidir.
Cross-ply
Unidir.
Unidir.

—
—
—
—
—
—

Unidir.
—
—
—
—
—
—

Cross-ply
—

Cont. fiber
Cross-ply

—

Cont. fiber
Cont.fiber

Woven, ISO
Cont. fiber

Woven, ISO
ISO
ISO
ISO

Cross-ply
ISO

60
58
72
60
49
49
49
49
49
49
50
67
—
48
45
67
67
60
—
50
60
48
67
50
50
39.5
50
35
—
—
—
57
—

23.69
12.04
22.2
21.9
33.93
33.79
34.95
33.35
33.35
32.48
32.0
20.2
18.85
30.02
31.03
31.18
30.3
15.37
17.55
30.02
5.80

31.63
8.29

21.75
21.75
28.70
31.9
27.0
10.88
17.4
16.5
3.12

30.45

1.7
12.04
1.58
1.53

22.04
22.04
18.85
21.03
19.72
20.74
20.00
1.30
1.52

21.03
20.16
3.05
2.80

15.37
1.17

15.08
5.80

18.06
2.92

15.95
14.50
28.70
20.16
27.0
10.88
17.4
16.5
3.12

30.45

0.0555
0.0555
0.0555
0.0555
0.0916
0.0916
0.0918
0.0916
0.0916
0.0916
0.0915
0.0555
0.0555
0.0918
0.0926
0.0740
0.0740
0.0721
0.0555
0.1009
0.0505
0.1122
0.0555
0.1045
0.1045
0.1432
0.1172
0.1492
0.0973
0.1600
0.1636
0.0710
0.283

105
55.1(T)

110
164
220(T)
513.3
210.3(T)
168.2(T)
323.3
365.4
250.0
209.9
246.0
221.9(T)
190.0(T)
468.4
362.6
55.1(T)

—
275.5

—

170.0
203.0
319.0
228(T)
406
245(T)

—
145
170(T)
82.0

126.9

63.09
62.50
61.01
60.46
60.24
60.14
59.62
59.50
59.03
58.81
58.33
57.47
57.10
57.09
57.03
56.43
55.24
54.37
53.80
49.89
47.72
46.74
45.53
42.91
42.41
37.41
36.14
34.83
33.88
26.07
24.98
24.87
19.50

7
8
7
7
9
9
9
9
9
9
8
7

10
9
9
9
7
8

11
9
8
8
7
9
9
8
9
8
9
9
8
8
9

aCompressive strength: (T) denotes tensile properties available only. bUnits of FM are 103 in.2/\\}/2.

cr 3 (l - v v M hV A vxyvyx) \

From the expression Vx

«.2

fex^r, we obtain

V*^ Efx _ ,_
2*3(1-1 b

N

(27)

(28)

(29)

Equations (24-28) yield the universal relationship for opti-
mum honeycomb sandwich panels with orthotropic facings and
core under uniaxial compression,

(30)
EJE)fx fy

It must be noted that, in Eq. (30), a0 must be limited to
some predetermined allowable stress; hence, there is an upper
bound on the load that can be carried by the panel for a given
material system.

Therefore, it is seen that, when given a set of boundary
conditions (denoted by k±) and any type of honeycomb core
construction (denoted by k2, k3, and r), the universal rela-
tionship relates the load index Nx/b to material properties
only; it is independent of geometric variables and it estab-

lishes a unique optimum buckling stress a0 for each value of
load index.

The other key optimization relationships are found from
Eqs. (24-28) and (30) to be

Explicit values of the uniquely optimum geometric variables
as functions of the load index Nx/b are determined to be

t,-b

(34)

(35)

(36)
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The explicit values of the optimum geometric variables in
terms of optimum critical stresses a0 are written as

fx

d=-
7T

6

tf=b

(38)

(39)

(40)

(41)

The expressions for the weight per unit planform area for
the optimum panel as a function of optimum stress a0 and the
load index Nx/b can be found by substituting the above
expressions into Eq. (29). The results are

This is a slight over-simplification, but it can be concluded
that for a given load index an optimum honeycomb sandwich
panel simply supported on the unloaded edges weighs no more
than 1.0745 times the weight of the optimum panel with
unloaded edges clamped.

This result has major implications. Foremost, it implies
that, in almost all cases of the optimization of sandwich
panels subjected to uniaxial compression, the optimizations
should be conducted for simply supported boundary condi-
tions on all edges. (Note that the boundary conditions on the
loaded edges have no effect for this case of loading.) Also,

1) Such an optimization will result in the panel weighing at
most 7.45% over an optimum panel whose unloaded edges are
clamped. Choosing a simply supported panel is thus conserva-
tive as far as all dimensions selected, enabling the panel to
have additional structural integrity even when the edges are
clamped or partially clamped.

2) In actual construction, the auxiliary structural elements
required to make the unloaded edges clamped would possibly
offset the potential saving of 7.45% in weight resulting from
the clamped boundary condition. In the final analysis, the
clamped panel assembly would weigh more.

3) It is virtually impossible to insure a clamped edge; hence,
most panel edge conditions are between the conditions of
simply supported and clamped. The choice of simple support
conditions upon which to optimize is therefore conservative as
well as rational.

W--

X -F^ (42)

W- «[ 2(l-»',\ A _

(43)

Several very important and interesting conclusions can be
drawn from Eq. (43) about the weight of optimized honey-
comb sandwich panels under uniaxial compressive loads.

It is seen that in the selection of the materials to use in
these optimum panels, the core material with the highest ratio
of Gc/pc will result in minimum weight. For the selection of a
facing material, the material that will result in the panel of
lowest weight is that which has the highest ratio of
E* E*,V/P/(1 ~~ vxvvvx) f°r tne particular load index Nx/b.
For optimized honeycomb sandwich panel construction, the
ratio of core weight to face weight is

wf
PC

Pf
(44)

Therefore, it is obvious that, for a construction employing
the same material in both faces and honeycomb core, the great
majority of the weight is in the faces. Also note that the ratio
of the core weight to face weight for an optimum panel is
independent of boundary conditions and the orthotropy fac-
tor r. In Eq. (43), it is seen that the panel weight varies as the
one-fourth power of the boundary condition factor k±. For a
panel that is simply supported on the unloaded edges,
In a panel that is clamped on the unloaded edges,
Therefore, the ratio of the weight of an optimum panel simply
supported on the unloaded edges to the weight of an optimum
panel clamped along the unloaded edges is 1.0745.

= f .

Comparison of Various Material Systems
For a honeycomb core sandwich panel subjected to a uniax-

ial inplane compressive load, independent of the boundary
condition, the "best" face material is determined by

FM = (45)

It is of interest to use this figure of merit (FM) on some of
the material systems of present interest where, because the
Poisson's ratios are rarely given tables of mechanical proper-
ties for the new materials, it is assumed below that (1 -
vxyvyx) ~ 1- The values in Table 3 are for 70 F.

It is seen clearly that in this application composite materials
are better than any all-metallic construction. It is also clear
that graphite/epoxy and boron/aluminum composites clearly
result in the minimum weight construction. Even boron/epoxy
is quite competitive.

The above comparison does not indicate maximum loads
that the panel may carry. To investigate that, knowledge of
maximum allowable stresses must be available and Eq. (7)
used to determine the maximum load index Nx/b to which
the optimum panel may be subjected. Figure 5 illustrates that
point, where the maximum allowable stresses are taken to be
the ultimate compressive strength and a 2024 aluminum core
is arbitrarily chosen. It is seen that T300/934 is the lowest
weight material, but limited to a load index of Nx/b = 719 psi.
For higher load levels, boron/aluminum is the most efficient
material to a load index of 5840 psi and boron/epoxy the best
to a load index of 8740 psi. Beyond that, other panel con-
figurations are perhaps required, which will be the subject of
subsequent publications.

In all of the above, it is assumed the materials are elastic to
the ultimate stress. If ductility permits and the stress strain
curves known for stresses higher than the yield point, a
plasticity reduction factor can be employed.

Finally, it should be remembered that in any laminated
plate of any construction where E(- = ()16 = ()2 6 = 0, Ex and
Ey can always be obtained by utilizing the appropriate stiff-
ness matrix values.
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