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“TECHNICAL NOTE 2679

THE STABILITY Ui;DER LONGTTUDINAL C;)‘MPRESSION OF FLAT
SYMMETRIC CORRUGATED-CORE SANDWICH PIATES WITH
SIMPLY SUPPORTED LOATED EDGES AND SIMPLY
SUPPORTED OR CLAMPED UNLOADED EDGES

By Paul Seide
SUMMARY .

A theory for the elastic behavior of orthotropic sandwich plates is
used to determine the compressive-buckling-load parsmeters of flat sym-
metric corrugated-core.sandwich plates with simply supported loaded edges
and simply supported or clemped unloaded edges. Charts are presented
for corrugated-core sandwich plates for which the transverse shear stiff-
ness in planes parallel to the axis of the corrugations may be assumed
infinite. The limits of validity of this assumption are investigated
for simply supported plates.

" INTRODUCTION

Considerable work has been done on the problem of the stability of
sandwich plates with isotropic faces and isotropic non-stress-carrying
core materials such as end-grain balsa or cellular cellulose acetate.
The corrugated-core sandwich plate, which consists of a corrugated metal
sheet fastened between two flat sheets, is of a different type in that
the core has orthotropic flexural and transverse shear properties. The
transverse shear stiffness in planes parallel to the axis of the carru-
gations 1is usually many times the stiffness in planes perpendicular to
the axls of the corrugations and may be considered infinite for many
practical constructions. The flexural properties are such that the
corrugated core can to some extent resist bending moments applied in
planes parallel to the axis of the corrugations, whereas its resistance
to bending moments applied in planes perpendicular to the axis of the
corrugations is negligible.

The theory of reference 1, together with the physical constants
derived in reference 2,-makes possible the détermination of the elastic
over-all buckling loads of flat corrugated-core sandwich plates with
symmetric corrugated cores. By over-all buckling is meant buckling of
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the sandwich plate as a whole, without regard to local buckling of the
faces between corrugation crests or of the corrugation walls. In the
present paper the theory is applied to the problem of the stability
under longitudinal compression of flat symmetric corrugated-core sand-
wich plates with simply supported loaded edges and simply supported or
clamped unloaded edges.

Stability criterions are derived for these two problems in an

appendix.

Numerical results are presented in the form of charts which

show the variation of the compressive-buckling-load parameter with

plate aspect ratio for different values of parameters involving the

flexural and transverse shear stiffness of the corrugated core. For

these charts the transverse shear stiffness in planes parallel to the

axis of the corrugations was teken as infinite. The limits of validity ]
of the charts for corrugated-core sandwich plates having finite trans-

verse shear stiffness in both directions are investigated for simply

supported plates. . Some of the numerical results of the present paper ,
have been published separately in references 3 and 4.

A, B, C

Ay, By, C4

°  SIMBOIS

coefficients in expressions for w, @y, and Qy,

respectively, for a plate with simply supported
unloaded edges

coefficients in expressions for w, @y, and Qy,
respectively, for a plate with clamped unloaded
edges (i =1, 2, 3) - ’

plate length
plate width
transverse shear stiffnesses per unit width of a beam

cut from plate in x- and y-directions, respectively
(formulas and charts for calculation of Dy, and DQY

are given in reference 2)
Young's modulus of elasticity of core material

Young's modulus of elasticity of face material

distante between middle surfaces of face sheets
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Parameters used
a/b
b2N
2 —
Bclc

sls

=

moment of inertis per unit width of corrugation cross
section in planes perpendicular to x-axis, taken about
sandwich-plate middle surface

moment of inertia per unit width of faces, considered as
membranes, taken about sandwich-plate middle surface

1 2) )
(2 tgh . }
number of buckle half-waves in x~direction

longitudinal compressive buckling load per unit width
of sandwich plate,

number of buckle half-waves in y-directlion of a plate
with simply supported unloaded edges

arbitrary quantities in expressions for w, @Qy, and QX
for a plate with clamped unloaded edges (i =1, 2, 3

transverse shear forces in planes perpendicular to the
x- and y-axes, respectively

face thickness
deflection of sandwich-plate middle surface
coordinate axes (see fig. 1)
Poisson's ratio of face material . -
d2 d2
differential operstor T5t<35
. ox dy=
in the presentation of results:

plate aspect ratio

compressive-buckling-load parameter

flexural-stiffness ratio
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b°Dg, b2DQY

.
transverse-shear-flexibility parameters

Dox
DQy

transverse-shear-stiffness ratio

.

For convenience, these parameters are abbreviated in the appendix as
follows )

B plate aspect ratio (a/b) .
baN
k compressive-buckling-load parameter -
71°E I
! 578
" Eclc
7 flexural-stiffness ratio | —=—= )
Eglg
Tys Ty transverse-shear-flexibility parameters S and
b DQ
- . X
- 72EgTg
S respectively
b qu

1

CORRUGATED-CORE SANDWICH-PLATE ‘THEORY

The sandwich-plate theory of reference 1 deals with elastic plates
of continuous construction which have orthotropic flexural and transverse-
shear properties. Straight lines in the plate that are originelly per-
pendicular to the undeformed plate middle surface are assumed to remain
straight but not necessarily perpendicular to the plate middle surface
after bending occurs. The plate is also assumed to have no local defor-
mations, This last assumption permits the analysis of only the over-all
stability of sandwich plates.

Corrugated-core sandwich plates can\be analyzed by this theory
provided that limitations are imposed on the relative dimensions of the

.Sandwich faces and of the core. The pitch of the core corrugations

should be small compared with the plate width perpendicular to the axis
of the corrugstions so that the plate can be treated adequately as a
continuous orthotropic medium. The thickness of the faces should be

"




NACA TN 2679 ' 5

small compared with the over-all plate thickness in order that bending
of each face gbout its own middle surface may be neglected. The core
should be sufficiently stiff so that changes in the plate thickness are
negligible.

The investigations of reference 2 indicate that limitations should
also be placed on the type of corrugated-core sandwich plate that may
be analyzed by the sandwich-plate theory of reference 1. The Poisson's
ratios of the materials of the two faces must be equal, the neutral
plane of bending of the faces glone must coincide with the plane passing
through the centroidal axis of the corrugation cross section, and load
resultants must be applied in specified planes between the plate faces.
Symmetric corrugated-core sandwich plates - that is, plates with faces
of equal thickness and of the same material and with a corrugated core
having symmetrical corrugations - satisfy these conditions, provided
that load resultants are applied in the plane of the plate middle surface.

RESULTS AND DISCUSSION

In the present paper the compressive buckling of flat symmetric
corrugated-caore sandwich plates with simply supported loaded edges and
simply supported or clamped unloaded edges (see fig. 1) is investigated.
For symmetric corrugated-core sandwich plates the elastic constants
derived in reference 2 reduce to the relatively simple forms given in
the appendix. The solution can be expressed in terms of six nondimen-
sional quantities

2
—%—E;r compressive-buckling-load parameter
b8 ESIS
a/b plate aspect ratio
EcI,
—Sééz flexural-stiffness ratio
B ls
IIQES—I-S “EES:_[.S ) ®

5 » 5 transverse-shear-flexibility parameters
b DQJ( b DQy

Hg Poisson's ratio of face material
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Stability criterions which relate these six parameters for the two
problems considered are derived in the appendix (equation (6) for plates
with simply supported unloaded edges and equations (11) and (15) for 3
plates with clamped unloaded edges).

For many practical structures the transverse shear stiffness in
planes parallel to the axis of the corrugations is very much greater
than the transverse shear stiffneéss in planes perpendicular to the axis
of the corrugations and may-be sssumed infinite. In the present paper
the corrugations are taken parallel to the x-axis, in which case DQx ‘

is the transverse shear stiffness that may be assumed infinite. The

EgTs |

is then equal to zero :
beDQx !
and the stability criterions reduce to equation (7) for plates with
simply supported unloaded edges and to equations (16) and (17) for plates
with clamped unloaded edges.

transverse-shear-flexibility parameter

Charts have been prepared for the case of infinite DQx and show o

. 2
the variation of the compressive-buckling-load parameter —%—Eﬁr- with
. Eglg
plate aspect ratio a/b for the transverse-shear-flexibility parameter

——*2 equal to 0, 0.1, 0.25, 0.5, 1.0, and « and the flexural-

b7Dg,

EnT
stiffness ratio -C-C equal to 0, 0.5, and 1.0. Poisson's ratio for

E

sis

the face material pg has been taken as 1/3. 1In figure 2, the charts
for finite plates with simply supported unloaded edges are presented.
The compressive-buckling-load parameter for infinitely long plates with
simply supported edges is plotted agalnst the transverse-shear-

1‘[2ES IS R
—~———= 1in figure 3. These curves were obtained
b°D,

Qy
by replotting the minimum values of compressive-buckling-load parameter
of the curves of figure 2, Similar charts are presented for plates with
clamped unloaded edges in figures 4 and 5. )

flexibility parameter

The trends of the curves of figures 2 to 5 are similar in some
‘respects to those of the curves of references 5 and 6 for isotropic

~ R
sandwich plates. As the transverse-shear-flexibility parameter f__SEE

b2DQy’

increases, the.compressive-buckling—loa@ parameters are materially
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reduced, The reductions are greater for plates with clamped unloaded
edges, because the effect of edge clamping is lessened with increasing
transverse shear flexibility and the values of the compressive-buckling-
load parameter for plates with clamped unloaded edges approach those

of plates with simply supported unloaded edges. Because the corrugated-
core sandwich plates are assumed to have unequal transverse shear stiff-
nesses, the transverse shear stiffness DQx being greater than the

transverse shear stiffness DQy’ the reductions in compressive-buckling-

load parameters are not so great as those for isotropic-core sandwich
plates. For example, for the case of a corrugated-core sandwich plate
with infinite transverse shear stiffness DQM and zero transverse shear

stiffness DQy’ the compressive-buckling-load parameter is finite, rather
than being equal to zero, and varies with plate aspect ratio.

The longitudinal buckle half wave lengths of isotropic-core sandwich
plates decrease with decreasing transverse shear stiffness; the buckle
wave lengths of corrugated-core sandwich plates with infinite transverse
shear stiffness Dy however, tend to increase with decreasing transverse

shear stiffness DQy' Calculations indicate that & corrugated-core sand-
wich plate with zero transverse shear stiffness qu buckles in only one

longitudinal half wave, regardless of the plate aspect ratio. The buckle
half wave lengths of infinitely long corrugated-core sandwich plates with
simply supported edges remain relatively constant over a large range of
values of the transverse-shear-flexibility parameter and flexural-
stiffness ratio. The half wave length is approximastely equal to the
plate width for values of the transverse-shear-flexibility parameter

n“E

—§-§E§ varying from O to 1.0 and for values of the flexural-stiffness
b DQy .

ratio varying from O to 1.0, In this range the half wave length is 1.0
to 1.3 times the plate width. For plates with clamped unloaded edges, -

the half wave length of buckle varies somewhat more (from 0.66 to
1.2 times the plate width).

EFFECT OF FINITE TRANSVERSE SHEAR STIFFNESS DQx

Although it is customary to assume in the analysis of corrugated-
core sandwich plates that the transverse shear stiffness Doy is

infinite, little or no information as to the limits of validity of this
assumption is availsble. Calculations have been made for the present
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paper to determine the minimum value of Dq /qu for which the assump-
tion of infinite Dq, is adequate.

Values of —Bégz— for infinitely 1eng simply supported plates ¥ith

2
©Eslg
various values of DQx/DQy are shown in figures 6(a) to 6(c). These
b4
FET
sis

for several values of the buckle aspect ratio a/mb and by picking off
the minimm of the curve s0 defined This procedure was repeated for

wBsTs  Eglg . oy v"Dgy or ox
b2DQy ’ ESTS’ anSEé/beDQx DQy
“EESTS
szQy

practical dimensions is less than about 0.5, it may be concluded that

values were obtained by plotting values of given by equation (6)

various sets of- values of

.

Since the transverse-shear-flexibility parameter for plates of

values of- —EEE:— are given with little error by the curve‘for DQ
EgTg *
DQx .
equal to infinity T = ® if the transverse-shear-stiffness ratio
Q

DQx/DQy is greater than sbout 10, Calculations indicate that this con-

clusion applies also to plates of finite length, provided that the plate
aspect ratio a/b 1is not less than about 0.6.

Because of the complexity of the stability criterion for compressive
buckling of corrugated-core sandwich plates with simply supported loaded
edges and clamped unloaded edges (equations (11) and (15)), no attempt
was made to obtain information as to the limits of wvalidity of the
assumption of infinite transverse shear stiffness DQx' It seems rea-

sonable, ‘'however, to expect a transverse-shear-stiffness ratio DQ;{/DQy
of about 10 to be a lower limit for the assumption to be adequate.
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CONCLUDING REMARKS

The over-all sﬁability of flat symmetric corrugated-core sandwich
plates with simply supported loaded edges and simply supported or clamped

- unloaded edges has been investigated by the use of the orthotropic-

sandwich-plate theory of NACA Rep. 899 in conjunction with the physical
constants for symmetric corrugated-core sandwich plates derived in NACA
TN 2289. Charts showing the variation of the compressive-buckling-load
coefficient with plate aspect ratio, transverse-shear-flexibility
parameter, and flexural-stiffness ratlo have been prepared for Plates
for which the transverse shear stiffness in planes parallel to the axis
of the corrugations can be assumed to be infinite,

By use of the more general equations derived for corrugated-core
sandwich plates with finite transverse-shear stiffness in both direc-
tions, it is concluded that these charts may be considered adequate for
plates of practical dimensions for which the transverse shear stiffness
in planes parallel to the axis of the corrugations is 10 or more times
the transverse shear stiffness in planes perpendicular to the axis of
the corrugations, provided that the plate aspect ratio is greater than
about 0.6. .

Langley Aeronautical Lgboratory
National.Advisory Committee for Aeronautics
Langley Field, Va., January 22, 1952
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2
APPENDIX

DERIVATION OF STABILITY CRITERIONS

Differential Equations

Equations that may be used for the determination of the compressive
buckling loads of flat symmetric corrugated-core sandwich plates are
given in reference 1. The seven physical constants of corrugated-core
sandwich plates required for the use of these equations are derived in
reference 2 and are as Ffollows for plates having thin faces of equal
thickness and symmetrical cores

— EnL
Dx=EsIsl+E§T;I
1+ EC;g
D, = E.T
AL
5SS
ny = ESE% ._JL___
1+ pg g (1)
Bx = Mg
By = Bg 1
v EcT
1+(1 uSE)EQ:f—C-
slg
DQx
DQy

-

The formulas for the calculation of. DQx and DQy’ derived in refer-
ence 2, are rather cumbersome and are not presented here.
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The differential equations of reference 1 are given for the preeent
problem as

2
NBW_ZQ}(_ZQY=O
axz X y
Eq L 3 . BT 2
SIS V2 + ECIC é—— w+ (1 - 575 19 -
1- u52 3 x3 2(1 + ng) Doy 3y?
E 2 Bsls 1 o7
L 5 * Bl BQQX' D an=0 L(e)
1 - pg® . Ox 2(1 - ug) Dq, 9% Oy ,
BTy _QV%;, O BTy 1 ¥ | Bl a1 #
1 - pg 2oy 2(1 - us) Dqy ox dy 2(1 + “S) DQy dx2
Eslg 1 P Q= 0 '
ug™ Pay 3y

Simply Supported Unloaded Edges

The conditions that are satisfied at the edges of the simply supported
plate (fig. 1(a)) are those of zero deflection of the middle surface, zero
moment normal to the edges, and no relative movement parallel to the edges
of points in the boundary. These conditions may be expressed in terms
of w, Q, and Qy, at x =0 and x = a, as

_dfow % Hs o fow Gy \_SQy _
V= Bx(?x Dq > * Eclq oy\ oy DQy> - DQy =0 (32)
X 1+ (l o r - T e —
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Functions that satisfy these boundary conditions are

w = A gip IMX gip DO ]
a
- mex . oy
= B cos —— s8in —=
Qx a b g
Q,Y=Csin—-—cos oy
a b J

(3p)

(k)

The differential equations will be satisfied also if the following set
of similtaneous homogeneous equations, obtained by substituting equa-

tions (4) into equations (2) and rearranging terms, is satisfied:

So -3k e ggl)e -

-

%{112+’;;2-E+ (1 - psz)'r]}A - (l - pg? + {}—-—eﬁ.n2+%—g-ﬁ.+

(- o] g e - 20 gy e 0

«
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The condition that A,

B, and C have values other than zero -
that is, that the determinant of their coefficients in equations (5)

13

vahish - yilelds the stebility.criterion for simply supported corrugated-
core sandwich plates under longitudinal compression

§

[EEERY

D -

2
o4

B2 .

1

. )(%,+ ne

2(1 + Kg

l—|J.S m2 P m2 .
q<?2 + —— E§ nery + EE Ty

L

&

B

po—

+ (l Hg )n

1l - ; 2
1 - pg° + {}—7§E§ n® + I

ﬁ2
2,1 ks me), 1 me
|n? + =8 5 *
2 52 2(1 + us)
1 -Hg p2

2
M f@(ﬂz t gz‘) Ty

L

In the analysis of corrugated-core sandwich plates in which the
corrugations are oriented in the direction of the x-axis, it is often

is zero and the stability

assuned that DQx is infinite.
criterion is simplified to

Then Ty

_

2
ne) :

A4

B\2 .
k = - = 5 + 7 B—2
1 - Hg< + 3 T 2

When equation (6) or equation (7) is used,

buckling-load parameter k is obtained.
should always be given the value

(6)

(7)

m and n are assigned
different integral values until the lowest value of the compressive-~

Computations indicate that n
1" in these calculations so that the

corrugated-core sandwich plate buckles with one sinusoidal half-wave in

the y-direction.
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Clemped Unloaded Edges

In the problem for plates with clamped unloaded edges (fig. 1(b)),
the conditions that are satisfied along the simply supported edges are
those of zero deflection of the middle surface, zero moment normal to
the edges, and zero relative movement parallel to the edges of points
in the boundary. These conditions are expressed by equation (3a). Along
the clamped edges, the boundary conditions are those of zero deflection
of the middle surface, zero relative movement normal to the edges of
points in the boundary, and zero relative movement parallel to the edges

of points in the boundary. At y = ié@

=0 (8)

Solutions of the differential equations (2) for the middle-surface
deflection w and the shear forces Qy and Qy exist in the form

~
. X E wmyYy
W =sin —= /. A4 cosh 5
i
m
Qg = cos —— E B; cosh —ﬁ?z . (9)
i
} m
Qy = sin —— C; sinh —7%1
i

J

where values of nj, Aj, By, and C; are to be determined from thé

differential equations (2). Equations (2) are satisfied by equations (9)
if, for each value of i, the following set of simultaneous equations
is satisfied:

2 : 1 (b\3 1
EE KA{ - = (-) B; + ni-—f:-(g) Cc; =0 (10a)
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—_ - As - = —|{=)"B; -
ni( ni) i~ 77 M7 Esls(") i

1-pe 2
(e

The condition that A3, Bj, and C4 have values other than zero -

that is, that the determinant of their coefficients in equations (10)
vanish - yields an equation for the determination of nj

—* r ln 6 + |1 + m? -——}———-+ 1 EE r, -
2+ ug) 4 2(1+Ms)32,y l+pg )82
. - )
S kr L 2 2+ (T——l——-+ 2 - klr +
g B TR L

1-pg 1 me 1 m2 2
+ )= -~ kijrgy - + )= r n;= +
; (l-'us >32 ] <1+us g2 XY

m2 1 m2 - 0k -
2 2 g szr”]{(l i

Il (e - er)} -0 . Cw

|
=
+
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Thus ns has the values inl, in,, and ;n3, the six roots of equé-

tion (11). Only the positive roots need be considered. Each of the
coefficients B;j and C; may be given in terms of the corresponding

coefficient A;. From equations (10a) and (10c), the following rela-
tions are obt_ained: " : :

R N

| liAi.

3
L0
Eslg
3 - (12)
L_(E) Cj = -PiAg
ESIS b ’ J
where '
2 _ ml 1+ pg 2
i~ - == = LIy
A = m K - E n BQ 2 2
F " 1 24 1-us PE 2 + 1*us 21'
~ s 2 g2 "M )Ty 2 M Tx
n 2 _ ﬁ + .li.“_s Eg- kr
y 1 7 g2 2 p2 X . n;
i- - FEET
1 - |.l.s2 + (—é—u—s— %1-22- - niz)ry -+ -—-2——S-ni Ty
Equation (9) may now be written as
' : .Y - myy © gy
_ qip DX .
W = 8in —a—<Al cosh + A, cosh T * A3 cosh 5 )
. qmay . . 1‘[£]: v
Q = ﬁ(%)%os E?(xlAl cosh 1])' + AAos cosh +
S -
My cosh 2;3!) . L @

q - _ES_%I_S(;;)%E E;‘;<¢1Al' sinh ms_y + oo sinh -:mbey "fi;

P3hy o1 %X)

— e ————— - — -
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Equations (13) already satisfy the boundary conditions along the
pimply supported edges (equation (3a)). The boundary conditions along
the clamped edges (equation (8)) must now be satisfied. The substitution.
of equations (13) into equation (8) yields the following set of equations:

[4

A Ly a n 22, a n3 o
cOos —_ 4 cOSs — 08 —_—
1 2 2 2 3¢ >

m m
1 ™2 3 -
).l.A.l cosh —2-' + X2A2 cosh —2— + *3A3 cosh —2— =0

> (1)

(nl + ¢lry)Al sinh Egl + (n2 + ¢2ry>A2 sinh Egg +

(n3 + ¢3ry)A3 sinh fgi =0

In order to assure the existence of values of Ay, Ap, &nd A3 other
then zero, the determinent of the coefficients of A, Ao, and A3

is set equal to zero. When the determinant 'is expanded, the following
equation is obtained:

(33 - 22)(m1 + firy)temn %:‘L‘ + (A - A3)(mp + Pory) tenn -’%2- +

T3

(Xg - Xl)(n3 + ry¢3)tanh =0 ) (15)

Equation (15) in conjunction with equation (11) is the criterion for the
compressive buckling of corrugated-core sandwich plates with simply
supported loaded edges and clamped unloaded edges.

When values of the compressive-buckling-load-parameter k are com-
puted with equations (11) and (15), a trial and error process is used.
For given values of B, r,, Ty and 71, a value of k is assumed
and m is assigned some integral value. Equation (11) is solved to
give the values of =n;, n,, and n3. These values are then substituted

into equation (15). If the left-hand side of equation (15) does not

e e ——— s — e e i - e i i
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vanish, other values of k must be chosen and the process repeated.

This procedure yields a series of values of k and corresponding values

of the left-hand side of equation (15). The correct value of k may

now be obtained by plotting these values as ordinate and abscissa and

picking off the value of k at which the left-hend side of equation (15)
' is equal to zero. The entire process is then repeated for other integral

values of m wuntil the lowest value of k 1is obtained.

For the case of infinite DQx’ the following stability criterion is

obtained:
n m
1 tanh 21 -
2 - Hg m? 2

l—}.LS +< 5 ?-— l)l‘y
. m
ln2 — tamh —2 = 0 (16)
- Hg

Lot (S0 o)y

whgre n, and n, are the positive values of the roots 04 and i,
of the equation

1 me me 2
1+ ———0 % -E o4 )35 - k|r -
[ 2(1 + pg) 132 | 52 [1+ps ;32 _JY E

B—2-1+ (l+uS)B {l{l- k———[ 1- ﬂ} (17)

The same procedure is used in solving equations (16) and (17) for
“values of k as is used for equations (11) and (15).
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a )

(2) Simply supported unloaded edges.

VT

y
—
—
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b N=|—= - N
—
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—

U %S\\S%
a

(b) Clamped unloaded edges.

Figure 1.- Flat sjmmetric corrugated-core sandwich-plate buckling problems
solved in the present paper.
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Figure 2.- Compressive-buckling-load parameters for corrugated-core sand-
wich plates with simply supported unloaded edges.
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Figure 3.- Compressive-buckling-load parameters for inTinitely long
simply supported corrugated-core sandwich plates.
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Figure 4. - Compressive-buckling-load parameters for corrugated-core
sandwich plates with clamped unloaded edges.
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Figure 5.~ Compressive-buckling-load paraemeters for infinitely long
clamped corrugated-core gandwich plates.
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Figure 6.- Effect of finite transverse shear stiffness DQx on the

compressive~buckling-load parameters of infinitely long simply
supported corrugated-core sandwich plates.
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Figure 6.- Concluded.
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