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Abstract

This report presents curves of coefficients and formulas for use in calculating
the buckling of flat panels of sandwich construction under edgewise compressive
loads. The curves were derived for sandwich panels having one facing of either
of two orthotropic materials, the other facing of an isotropic material; both
facings of orthotropic material; both facings of isotropic material; and cores of
orthotropic or isotropic material. Parameters are chosen so that facings may

be of different thicknesses and so that isotropic facings can also be of different
isotropic  materials.

Curves were derived for various edge conditions, simply supported and
clamped.

iThis note is another progress report in the series (Military Handbook 23 Working Group, Item
58-2) prepared and distributed by the Forest Products Laboratory under U.S. Navy, Bureau of
Naval Weapons Order No. 19-64-8041 (WEPS) and U.S. Air Force Contract 33(657)63-358.
Results here reported are preliminary and may be revised as additional data become available.
“Maintained at Madison, Wis., in cooperation with the University of Wisconsin.
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Introduction

The derivation of formulas for the buckling loads of rectangular sandwich
panels subjected to edgewise compression is given in Forest Products Labora-

tory Report No. 1583-B~ These formulas are derived for panels having dis-
similar facings and orthotropic cores, the most general type of sandwich panel;
and for several combinations of simply supported and clamped edges. The cores
are assumed to be of such a nature that the stresses in them associated with
strains in the plane of the panel may be neglected in comparison with the
similar stresses in the facings and that the elastic modulus normal to the
facings is so great that the related strain may be neglected.

For honeycomb cores with hexagonal cells (a particular type of orthotropic
core) it was found that the modulus of rigidity associated with the directions
perpendicular to the ribbons of which honeycomb is made and the length of the
cells is roughly 40 percent of the modulus of rigidity associated with the
directions parallel to those ribbons and the length of the cells. Making use
of this fact, design curves for sandwich panels with simply supported and
clamped edges and having isotropic facings and such honeycomb cores were

published in Forest Products Laboratory Report No. 1854. —

For the glass-fabric laminates currently used for facings, it was found that
the numerical values of parameters involving the elastic properties of ortho-
tropic facings that enter the formula for the buckling coefficient could be divided
into three groups so that in each group the values do not vary greatly from one
laminate to another. Using this fact, design curves for simply supported sandwich
panels having similar orthotropic (glass-fabric laminate) facings were published

in Forest Products Laboratory Report No. 1867. —

§Ericksen, W. S., and March, H. W. Effects of shear deformation in the core of a flat rectangular
sandwich panel - Compressive buckling of sandwich panels having dissimilar facings of
unequal thickness. Forest Products Lab. Rpt. 1583-B. 48 pp., illus. Revised 1958

=Norris, C. B. Compressive buckling curves for flat sandwich panels with isotropic facings and
isotropic or orthotropic cores. Forest Products Lab. Rpt. 1854. 22 pp., illus. Revised 1958.

=Norris, Charles B. Compressive buckling curves for simply supported sandwich panels with
glass-fabric-laminate facings and honeycomb cores. Forest Products Lab. Rpt. 1867.
18 pp., illus. 1958.
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Compressive buckling curves were also calculated for simply supported
sandwich panels with honeycomb and isotropic cores and with one facing con-
sisting of an orthotropic material (glass-fabric laminate) and the other facing
of an isotropic _material, and were presented in Forest Products Laboratory

Report No. 1875. —

This report also presents compressive buckling curves for sandwich panels
with dissimilar, as well as similar, facings. The combinations of elastic
properties of the orthotropic (glass-fabric laminate) facings may fall into
any of the three principal groups. Curves are presented for four different
combinations of panel edge support (simply supported or clamped).

Facing Elastic Properties

The various elastic properties of the facings can be combined into three
convenient parameters for presentation of curves of buckling coefficients.
These parameters are defined by the following:

Bo= ot AV, & 1)

where | =1 - MypiMpais Eyj and Epj are the moduli of elasticity

of a facing in the a and b directions, respectively (see fig. 1);
Ggpi is the facing shear modulus associated with shear distortion in

the plane of the facing (a-b plane); Habi is facing Poisson’s ratio
of contraction in the a direction to extension in the b direction due

to a tensile stress in the b direction; Hpai 1S facing Poisson’s ratio

§Norris, Charles B. Compressive buckling curves for flat sandwich panels with dissimilar

facings. ForestProductsLab. Rpt. No. 1875. 11pp., illus. 1960.
FPL-070 -3-
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of contraction in the b direction to extension in the a direction due to a tensile
stress in the a direction; and i = 1,2, denotes facing 1 or facing 2.

For the computation of buckling coefficients presented in this report, facing 1
was taken to be isotropic and having a Poisson’s ratio of p,, = Hap) = Hp = 1/4.

For this facing, E5 = Ep = E1 and Gpg =G :er_l) and the parameters
given by formulas (1) reduce to H

ap = l: [3| = I )\| = 3/8.

Facing 2 was taken to be orthotropic. A wide variety of materials could be
selected to give a range of values of parametersa [ and A but values of elastic
properties of glass-fabric laminates were chosen. Data presented in Military
Handbook—17Z and combined to reasonable average values in Forest Products
Laboratory Report No. 18675 showed that elastic properties of polyester and
epoxy laminates of glass fabrics 112, 116, 120, 128, 143, 162, 164, 181, 182,
183, and 184 could be grouped to give parameter values of

Bp = 06 and Ay, = 0.2

The value of o, for all laminates listed except that with 143 fabric was considered
to be 1.0; and the 143 fabric laminate had a9 = 3/2 or a, = 2/3, depending upon
orientation.

Although the values of these parameters originated in evaluation of glass-fabric
laminates, they would apply to other orthotropic materials. Thus ap =1, By =
0.6, and A» = 0.2 would apply to any orthotropic material havingE, = Ep = E,
Hap =0.2, Hpy = 0-2.8 and Gpa = 0.21E. Similarly, for ao =3/2, B = 0.6,and Ao
= 0.2, the material would have E, = 8 Ep, Hap= 0.13, s =0.30, Band Gpy= 0.21
~ E_Epand for ap = 2/3, Bp =0.6, and A, =0.2 the material would have

E,= % Ep. Hap= 030, Hpg =0.13,8and Gy y= 0.21s.VE,Ep, -

ZU.S. Department of Defense. Plastics for flight vehicles - Part I, Reinforced plastics. Military
Handbook 17. 1959.
= Assuming the relationship Ea Hpa = Ebuab'

FPL-070 4-



TECHNICAL LIBRARY

Formulas

Load is applied to two opposite edges of the panel, as shown in figure 1.
The length of these edges is b and the length of the other two edges is a. The
load is applied at the neutral—axis of the panel so that the panel does not bend
until the critical load is reached. It follows that the strains in the two facings
are equal and the critical stress in each facing is given by

N

Foa= A
2
tl €+ -—)

Ay

()

and

F = —— 3
c2 t21+ﬁ (3)
A,

where N is the critical load of the sandwich panel in pounds per inch of edge,
and ty and t, are, respectively, the thickness of the isotropic and the ortho-
tropic facings. The parameter A is given by

t.
1

A F VB “)

1

where 1= 1,2 denotes facing 1 or facing 2.

The buckling load of the sandwich, per unit panel width, N, is given by the
formula 2

2 2 2

™ ™ ™
N—KI\/I_ZD+K_D + K_—D

()
. L2 1 T2

where b is length of the loaded edge of the panel; D is stiffness of spaced facings
given by the formula
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ATAD (6)

where h is the distance between facing centroids; Dl and D2 are stiffnesses of
individual facings given by the formula

D, = T2, (7)

where i = 1,2, denotes facing 1 or facing 2; and coefficients Ky, K1 and Ko may
be read from the curves presented; or calculated from the following formulas:

WK, +(1+—=)B,V
4
Kv® R 2 (8)
qJZ + ¢3Q2V + C—BZV
4
“3
Ki = a.c + 2[-,‘ic2 + _OZ (9)
where
b =T + (1 T)K_l R 2
h= " "'K, B (10)
2 1
B
2 B2 272
qJZ-T +2T(1-T)——Bl +(1-1T) E (11)
Q1 BZ
¢3=T+(1-T)Q—°B— (12)
2 1
2 2
Bi = ccy - Bi c, + yiczKi (13)
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The parameters of these formulas are given by the following expressions:

Al
T= 55 (16)
A1 + A2
AlAZ ‘ITZtC
V = a7
A1 + A2 bZG
ca
Gca
R = (18)
Gcb

where Goy and G, are the moduli of transverse rigidity of the core associated
with the directions of the loaded and unloaded edges of the panel, as shown in
figure 1, and tc is the core thickness.

The values of cq, €y, c3, and cq depend upon the panel aspect ratio, b/a the

integral number of longitudinal half waves, n, into which the panel buckles, and
the panel edge conditions. Values of n are chosen to produce minimum values

of N.

For a panel with all edges simply supported:

FPL-070 -7-



For a panel with loaded edges simply supported and other edges clamped:

c. = 16a2 c, = 4 c, = anZ and c, = 4a2
T2 2 T273 3T B
! 3n b 3 aZ 4 3n2bZ

For a panel with loaded edges clamped and other edges simply supported:

33.Z bZ

Forn=1 CQ=Cy= "3 C2=1’ c3=4f_2

4b a
Forn> 2 ¢, =c¢ —__32_. c. =1 c __114r'|‘6n2+1.bZ
— - - Z Z’ 2_ ? ————Z————- _2
' (n +1)b 3 n +1 a

For a panel with all edges clamped:

a 4 b2
Forn=1 C1=4C4=4—2-, CZ=§-, C3=4—2
b a
2
16a 4 n4+6n2+1 b2
Fornz 2 ¢ =dc,= —5——3» %3 3773 "2

Discussion of Design Curves

Buckling coefficient curves for sandwich panels are presented in figures 2 to
125. The figures are divided into four main groups, depending on the type of
support at the panel edges. Each group contains a set of curves for sandwich
having  both facings isotropic and three sets of curves for sandwich
having dissimilar facings or both facings orthotropic, one set for each value of

FPL-070 -8-
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the parameter a, which differentiates between the three types of orthotropic
glass-laminate  facings.

The figures contain a family of curves consisting of a plot of KM against
ab for various values of V. The families in each set of curves differ because
they apply to different values of R. Each cusped curve is made up of portions
of the curve for the n that givesthe least value ofKNI The parameter a/b is
used in the left half of the curve sheets, and the parameter b/a in the right
half. Thus, values of KMfor values of a/lb from zero to infinity may be read.

Limits

When a/bis zero, minimum values are given byKM:% For other values
of a/b, asthe value of V increases, the value of Ky, decreases and the minimum
points on the curve move to the left. There is a value of V for which the first
minimum point of the curve occurs at a/lb equal to zero, the Ky, intercept. This
minimum point is common to the curves associated with all numbers of half
waves. Of these curves, the curve for an infinite number of half waves yields
the least critical value and is a horizontal straight line. These straight lines
are shown on the curve sheets. If V is given a value equal to or greater than that

associated with these straight lines, the critical value of K” isvl. This is the
""shear instability limit" of the critical load because substitution into formula

(5) results in N :{‘—ZGca for sandwich with facings so thin that Dq and D, are
c _—= <

negligible. Thus, N is dependent upon core shear modulus, Gs; and not upon
elastic properties of facings.

Curves are provided for three values of the parameterR (0.4,1.0, and 2.5).
Values of Ky, for other values of R may be estimated by reading from the curves
the Kyq values for these three values of R and plotting them against R. The
estimate may be made by reading the value of K at the required value of R from
a smooth curve sketched through the points. It should be noted that the curves
forV equal to zero are, of course, independent of R. For convenience, these
curves are duplicated in all three figures to which each applies.

The parameter T (formula (16)) was devised as a means of convenience in
handling the analysis and presentation of results for sandwich with dissimilar
facings. The role of T and its range of values can be understood most easily
by examining its place in the parameters of the K, expression. T appears in
the equations for Y1, Yo, and Y3 (equations (10), (11), and (12)). If T =0 is sub-
stituted into these equations, they become

FPL-070 -9-
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Lp = .I<1_B2 . 41 = i. 4) - Q]'BZ
1 KZB1 2 B1 "3 QZBI

and substitution of these expressions into formula (8) for Ky, result in

B

2 R R
¢ —_ .
KlB 1+ - )BZV Kl +(1+ - )BIV
K = 1 4 _ 4 (19)
M B B - R 2
2 2 =
—+Q——V+-5B ve HHQV+Lv
1 1B1 c4 2 4

which is dependent only upon the properties of facing 1 as indicated by the
appearance of only 1 as subscripts in the final expression (19). Hence, T =0
establishes a limit wherein both facings are of type 1 material having the same
values of oy [31 and )\1 but not necessarily having the same elastic moduli or

thickness. For the curves presented in this report, type 1 material was defined
as being isotropic.

If T=1 is substituted into equations for Y1, Yo and P5 they become

K =
M 1+QV+5BV2 (0)
2 c4 2

which is dependent only upon the properties of facing 2. Hence, T =1 establishes
a limit wherein both facings are of type 2 material having the same values of
ap, Bp, and Ay but not necessarily having the same elastic moduli or thickness.
For the curves presented in this report, type 2 material was defined as being
orthotropic.

The range of values for T lies between 0 and 1 but curves for sandwich
having one facing isotropic and the other orthotropic are presented for values
of the parameter T of 1/3 and 2/3. Values of KMfor other values of T may be

estimated Dby interpolating linearly between values of KM
adjacent curves presented (T =0, 1/3, 2/3, and 1). E—

given in any two

FPL-070 -10-
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It should not be overlooked that for T # 0 or T # 1 the facings of the sandwich
are dissimilar. For example, it is not sufficient to place A = A2 in the definition

of T and suppose that T = 1/2 represents sandwich with similar facings because
setting A1 =A, does not result in K; = Ky, or By = Bo, etc.,, as is necessary for
sandwich with similar facings.

The foregoing has discussed analysis and curves presented for the buckling
coefficients because the primary portion of the buckling load N is given by
the first term of formula (5). The other two terms of formula (5) involving stiff-
ness of individual facings, D1 and D, have buckling coefficients K; and K,. The
Ky and K, coefficients can be obtained from the Ky, curves for T =0 and = 1,
respectively, for V = 0. This can be seen by examining formulas (19) and (20)
for V = 0. The effects of adding individual facing stiffness will usually be small
unless the panel is very short. For convenience and greater accuracy in con-
sidering buckling of short panels, logarithmic plots of K, and K, as functions of

a/lb are given in figures 32, 63, 94, and 125. S 2z

FPL-070 -11- 1.5-138
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Figure 1.--Notation for dimensions and elastic properties of sandwich panel.
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Figure 32.--Values of K1 and K2, (n = 1), for sandwich panels with all edges simply supported.
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Figure 63.--Values of Kl and KZ (n =1), for sandwich panels with loaded edges simply supported,
other edges clamped, B¢= 1, A1:3B.BZ:06,A2:Q2
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Figure 94.--Values of Kl and K2 (n =1), for sandwich panels with loaded edges clamped, other

edges simply supported. Bl =1, )\1 = 3/8. [32 = 0.6, )\2 =0.2
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PUBLICATION LISTS ISSUED BY THE

FOREST PRODUCTS LABORATORY

The following lists of publications deal with investigative projects of the
Forest Products Laboratory or relate to special interest groups and are avail-

able upon request:

Box, Crate, and Packaging Data Logging, Milling, and Utilization
of Timber Products

Chemistry of Wood

Mechanical Properties of Timber
Drying of Wood

Pulp and Paper

Fire Protection
Structural Sandwich, Plastic

Fungus and Insect Defects in Laminates, and Wood-Base
Forest Products Components

Glue and Plywood Thermal Properties of Wood

Growth, Structure, and Wood Finishing Subjects.

Identification of Wood
Wood Preservation

Furniture Manufacturers,
Woodworkers, and Teachers Architects, Builders, Engineers,
of Woodshop Practice and Retail Lumbermen

Note: Since Forest Products Laboratory publications are so varied in subject
matter, no single catalog of titles is issued. Instead, a listing is made for
each area of Laboratory research. Twice a year, December 31 and
June 30, a list is compiled showing new reports for the previous 6 months.
This is the only item sent regularly to the Laboratory’s mailing roster,
and it serves to keep current the various subject matter listings. Names
may be added to the mailing roster upon request.



