Int. J. Solds Structures, 1972, Vol. 8, pp. 347 to 367. Pergamon Press. Printed in Great Britain

BUCKLING ANALYSIS FOR STRUCTURAL SECTIONS
AND STIFFENED PLATES REINFORCED WITH
LAMINATED COMPOSITESt

A. V. VISWANATHAN, TSAI-CHEN SOONG§| and R. E. MILLER, JrR.Y

The Boeing Company, Seattle, Washington

Abstract—A classical buckling analysis is developed for stiffened, flat plates composed of a series of linked flat
plate and beam elements. Plates are idealized as multilayered orthotropic elements; structural beads and lips are
idealized as beams. The loaded edges of the stiffened plate are simply supported and the conditions at the unioaded
edges can be prescribed arbitrarily. The plate and beam elements are matched along their common junctions for
displacement continuity and force equilibrium in an exact manner. Offsets between elements are considered in
the analysis. Buckling under uniaxial compressive load for plates, sections and stiffened plates is investigated.
Buckling loads are found as the lowest of all possible general and local failure modes and the mode shape is used
to determine whether buckling is a local or general instability. Numerical correlations with existing analysis and
test data for plates, sections and stiffened plates including boron-reinforced structures are discussed. In general,
correlations are reasonably good.

NOTATION
a, b length and width of plate, Fig. 1
Ay cross sectional area of beam

E,,,E;;,G;,G,3 orthotropic modulus of elasticity, equation (2)
distance of the kth layer to the reference plane, Fig. 1

k
hy distance of kth layer to the neutral plane, Fig. 1
 JRY R moment of inertias of beam about x, y and z axes
torsional constant of beam
! total number of layers of a laminated plate, equation (3)
m half-wave number in the axial direction
M, .M ,;.M,, moments, equation (5)
Ny, Ny, Ny, stress resultants, equation (4)
Ni, axial in-plane buckling load, Ib/in.
Pi parameter, equation (13)
P,.q,.9. loads on beam, Fig. 2
Q%,, 0%, etc. orthotropicity constants, equation (2)
{R,}, {R,} displacement matrices, equations (32a) and (40)
sk, element (1, 1) of matrix [Q;;]™", equation (3)
t thickness of kth layer, Fig. 1
[T] transformation matrix, equations (32a)
T, torque on beam, equation (22)
u, v, w displacements of the neutral plane of a plate or beam
Vi, Vo Poisson’s ratios of orthotropic plate, equation (2)
w,U,V,0 displacements constants of beam, equation (28)
X,y 2z local coordinates, Fig. 2
Yo» Zo distances of offset in y and z directions, Fig. 2

I, distance of neutral axis of laminated plate, equation (3)
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[Lihr rectangular (or square), column and diagonal matrices
(- a Yéx

a, wave-mode parameter, equation (13}

Gyr Oy Oy in-plane stress components, equation (1)

&I, beam property, equation (22)

r warping constant, equation (22}

¥ angle between global and local coordinates, Fig. 2

Superscripts
k numbering of lamina layers

+ quantities related to side of plate at y = +5/2
Subscripts

BG quantity belongs to beam element, global coordinates
BS quantity belongs to beam element, local coordinates
PG quantity belongs to plate element, global coordinates
PS quantity belongs to plate element, local coordinates
G refer to global coordinates

(1), (2), etc. element numbers, Fig. 2

i numbering of characteristic roots

s refer to offset center §, Fig. 2

u, 0w along directions of x, y and z, respectively

1. INTRODUCTION

THERE have been numerous publications on general and local instabilities of structure
components under axial compression that are made of flat plates and beam-like elements.
To cite a few, Ramberg and Levy [1] studied open section extrusions in which local in-
stability was estimated by buckling of flanges taken as plates with suitable edge conditions
and general instability analyzed by treating the extrusion as a column. Similar approxima-
tions were used in Goodman and Boyd [2] and Goodman’s [3] studies of bulb-reinforced
flanges. For structural sections, such as Z, T, channels and hat-type sections, and isotropic
plates stiffened by such sections, a usual practice of analysis is to treat them as an assemblage
of flat plate elements connected rigidly along the straight boundaries with each element
having the same sinusoidal axial mode. The plate is usually taken as infinitely wide and
the constraints on its sides are then neglected.

Since a thin plate is rather stiff in the in-plane directions, the common junction between
two plate elements can be taken approximately as simply supported as far as lateral
displacement is concerned. This simplification reduces analytical work considerably and
makes possible some approximate solutions such as moment-distribution [4]. However,
when this simple-support assumption is removed, one need not only consider the lateral
displacements at the junction, but also the in-plane motions thereof induced by buckling.
It is possible to derive, in this rigorous manner, a unified approach for a buckling analysis
of structures composed of plate elements which need not distinguish between the so-called
local modes and the general modes. The unified approach which seems to be the most exact
at the present stage of development can be represented, for example, by Wittrick’s papers
[5, 6]. Some analyses of similar nature but with various degrees of exactness and generality
can be seen in Refs. [7-11].

The present analysis brings the research on stiffened plates and sections another step
forward. Here the flat plate element and the beam element that is used to represent beams,
lips and beads of flanges, have been extended to unidirectional, laminated composites
which, of course, include isotropic material as a particular case. The theory assumes that
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the orthotropic physical properties of each layer of the composites are given, i.e. E,,,
E,,. Gyy, vy, and v, (v, = v{,E,;/E,,), and the usual Kirchhoff-Love assumption
regarding plane sections is valid. Lips and beads of a flange are regarded as beams elastically
attached to the side of the flange, and the coupling between axial load and the curvature
change is neglected. If the bead is composite reinforced, its physical properties are calcu-
lated in an approximate manner. Effect of residual stress due to bonding which may cause.
prestresses and initial deformations is neglected in the analysis.

Since in most cases where fiber reinforced composites are being used as reinforcements
in structural sections, the direction of the fiber runs in the same direction as the axis of the
section, the stress—strain equations used in the analysis are restricted to this type of ortho-
tropicity. This simplification, which does not limit the generality of the present theory.
reduces greatly the complexity of algebraic manipulations in the analysis as well as in the
computer programs. If one needs to accommodate thermal effects and arbitrarily inclined
laminated composites in the analysis, he need only use the appropriate stress—strain
relationships in the beginning of the derivations. These equations are available in existing
literature, for example, Refs. [12, 13].

In the ensuing analysis, elastic instability under uniaxial compression on composite
reinforced plates, structural sections reinforced by composites and beaded stiffeners, and
finally, stiffened plates reinforced by composites were studied. Buckled shapes from eigen-
vector solutions were calculated which can be used to ascertain local and general type
buckling modes. The analysis and the associated computer programs [14] were correlated
with existing analytical and test results, and particularly from the new test data by Boeing
[14, 15], of plates, structural sections and stiffened plates reinforced with boron composite
laminates. The correlations are reasonably good.

2. BASIC EQUATIONS

In order that readers may be spared from looking for references, possibly with dif-
ferent notations, some of the well-known equations are repeated here for clarity. However,
since beams of laminated nature and off-set matching between eccentric elements will soon
be introduced into the analysis, these repetitions will not be numerous.

(a) Equations for composite-laminated flat plate elements
For an orthotropic lamina, the stress—displacement equations are given by [13]:

OJ; ‘;1 ’;2 0 Ux—2ZW ix
OJ; = [Q’:J {8} = Q’iz Q’Ez 0 Uy —2ZW,y (1)
o%, 0 0 Qf]lu,+v,—2zw,,

where the superscript k denotes lamina number and the elastic constants are:

(Qlixv Q’iz) = (Eq1, Ez)/(1 —vy1vy3)
Qlfz =V E(1 /(1 =v31vi3) = viaEpp /(1 —v31vy3) vl
Q’és = G12-
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The x, y and z axes for the present orthotropic plate are assumed to be identical with the
principle directions of the laminates 1, 2 and 3, respectively as shown in Fig. 1. A distance
z, locates the neutral plane with respect to an arbitrary reference plane. This neutral plane
is determined by calculating the resultant of the uniaxial forces in the laminas for a constant
and uniform strain across the thickness.

Thus,

! !
o= {z (rk/zs’;owkmhk)] /( ) tk/S’h) )
& k=1
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Fi1G. 1. Sign conventions and coordinates of a laminated plate element and a beam element.

where S%, is the first element of the matrix [Q/;]™ ", where [Q}], being associated with the
kth lamina, is given in equation (1).

From equation (1), integration over the lamina thicknesses, the stress resultants and
moments in the neutral plane of the plate can be expressed in u, v and w:

Ny U x Woex
Ny b =[4;01 v, =[Bil{ W,y “
Ny, Uy+Uy 2W sy
My, Hx Woex
My, =[Byly v, =[Di1{ W )

M, u,+v, 2w
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where the elements of the matrices 4, B and D are given by:
1
(A;j, B;j, Dyy) = Z Q’i‘jtk(l’hl,c+1 + hy)/2, (W2 + iy s+ h2)/3 (6-8)
k=1

where the distance A, is shown in Fig. 1.
The equilibrium equations for a plate under compression N,, along x are:

Nll,x+N12,y = 0’ N22,y+N12,x = 0 (99 10)
Ml1.xx+M22,yy+2M12.xy_N11w,xx = 0. (11)

The neutral plane displacements are assumed as:
8
(w,u,v) = Y (W;sina, W,L,;cos o, W,L,; sin a) e (12)
i=1

where a is associated with an arbitrary axial half-wave number m and B is a function of
the roots p; of the characteristic equation given in equation (16), and

o = mnx/a B:; = p;ny/a. (13)
Substitution of equations (12) into equations (9){11), with the aid of equations (4), (5),
yields
R,; R,, R;;3](Ly
Ry1 Ry Ry |{L,iyWi=0 (14)
R;; Ry, Ry || 1

where

Ry = — Ay m*+ Agepi, Riz = —Ryy = (A12+ Age)mp;
R,3 = —R;nfa = [B11m3_(B12+2B66)mpi2](n/a)

15)
Ryz = Ayopi — Agem?, Ry3 = Ry, = [(By; +2Bge)m*pi — B,,p7](n/a)
Ry3 = [— Ny (ma/m)* + D, m*— (2D, +4Dg)m*p? + D,,pt)(n/a).
Expanding the determinant of equation (14), one obtains the characteristic equation :
Kgp?+Kep? + Kopf +Kopi +Ko = 0. (16)

Equation (16) yields eight roots of p;, in which four roots are the negative of the other
four.

The amplitude ratios L,; and L,; in equation (12) can be obtained from equation (14):

- R13R22_R23R12 L.= R23R11_R13R21

“ R21R12—R22R11 U' RIZRZI_RZZRII

L i=12"8. (17)
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At a boundary of y constant, Fig. 1, the four displacement quantities (6 = w ) and
the four stress resultants can be found (Q,, = M,, ,+2M,, ,) as:

w, Q2 sin «, (q22);sin«
u, N 8 Ly cosa, (n;,);sina
22 ( Z W, e . 22k (18, 19)
v, Ny, i=1 L,sina, (ny,);cosa
6, M,, {np,/a) sin o, {m,,); sin «

where the quantities related to the stress resultants are given by:
(@22)i = [~ Biamp;L;i+ By, Lo} + Dy ym*pinja—Dyypinja
—2Bgs(mp;L,;+m* L) +4Dgem,pim/al (n/a)?
(n22); = [— A1amLy;+ AzopiLi+ (B, ym* — Byoypi /@) (n/a) (20)
(ny2); = [Ags(piLui+ mLy)—2Bgepimn/al(n/a)
(my2); = [— ByzLyim+ By Lyp;+(Dyym* — Dyppi)(nfa))(n/a).

(b) Equations for laminated beam elements

Beads or lips in structural sections, beam-type boron reinforcements and joints with
fillets, such as corners of extruded structural sections, may be idealized as beams. Origin
of coordinates of the cross section is chosen, for convenience, at the geometric center of
the section. The basic material properties involved are the individual lamina constants,
such as E% | and G%; for the kth layer.

The equilibrium equations for the laminated beams are derived from elementary beam
theory. Consider a beam subjected to a constant axial loading P, (see Fig. 1) and is con-
nected to the side of a plate. Due to the displacements of the plate, the elastic loads acting
along the neutral axis of the beam can be expressed by the displacements u, v, w and
rotation 6 of the axis and the external constant loading P,. These equations are:

q. = E; 1,(d*w/dx*)+ P(d*w/dx?) 21)
dT./dx = E,,T(d*0/dx*) —(G,3J — c‘rlp){dz@/dx"‘) (22}
dP/dx = — E, A(d?u/dx?) (23)
g, = Ey,1,(d*/dx*)+ P,(d*v/dx?) (24)

where 8 of the beam is assumed to be the same as w , at the edge of the plate.
The stiffness quantities required in these equations are calculated in an approximate
manner as follows:

!
E,F =Y E4F (25)
k=

1

where F denotes I, I,., T or 4, (I%, and I*, are moments of inertia of kth lamina about

the neutral axis of the beam). The torsion constants are

]
stJ"&Ip = kz (Gg:;-]k— _kI’;,) (26)
=1
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where the applied stress in the kth lamina, denoted by G*, is calculated on the assumption
that the axial strain is the same in all laminas. The expression for G,;J as given in
equation (26) is appropriate for beams whose cross sections are made of concentric
circular layers or concentric rectangular box-type layers. However, it should not be used
for beams whose section is rectangular and composed of layered thin plates, since such
laminas shall deform with different eccentricities towards the shear center of the overall
section of the beam. In lacking an exact torsional stiffness expression for layered composite
rectangular sections, the following approximate equation has been used :

1 1
GZ3J = [(kzl G’£3A:) /(kzl A’l:):| (Joverallsection) (27)

where AF is the cross sectional area of the kth layer. Physical properties of these circular
and rectangular cross section beams can be found in Refs. [1, 14, 16, 17].
The buckling displacements are assumed as

(w,0,u,v) = (Wsin a, 0 sin o, U cos o, V sin o) (28)

where « is equal to mnx/a as given in equation (13). These displacements satisfy the simply
supported conditions at x = 0 and x = a where the external compressive force is applied.
Substitution of equation (28) into equations (21)24) yields

q. = W[E I, (mn/a)* — P(mn/a)*]sino = W¢, sina

dT,/dx = O[E, T(mn/a)* +(G,,J — &1 ,)(mn/a)*] sina = 6&, sin «
29
dP/dx = U[E,,A,(mn/a)*] cos o = U¢; cos

q, = V[E I, (mn/a)* — P(mn/a)*]sina = V&, sin a.

Singe the beam element is continuously attached to a plate element to form a stiffener,
the boundary conditions applicable to all beam elements are:

(q.,dT,/dx, dP/dx, qy) =(FQ22, £ M3,, Ny, FN3)) (30)

where the right-hand side quantities are given in equations (19); and the upper and lower
sets of signs are for the beam to be connected to the plate at y = 0 and y = b, respectively
(Fig. 1).

(c) Transformations of plate equations and beam equations

Figure 2 shows an idealized eight-element structure where the dash-line configuration
is the cross-section of the structure and the solid lines are the neutral planes. Elements (6)
and (8) are chosen to illustrate conventions for the local and global axes. Forces and
displacements of element (6) at end point B shall be transformed to point S and transformed
further into global coordinates for matching with neighboring element. The offsets y,
and z, are measured along the positive directions of the local axes. The following are the
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GLOBAL AXES
X, ug (Nl
/} BG, (MZZ)G
Yo Ve Thyyls

LOCAL AXES

F1G. 2. Idealization of an eight-element panel and sign conventions of global and local coordinates.

approximate displacement relationships between points S and B:

Wy = W+ yow , = w+y,0

O,=(w,),=w,=10
(31)

u;, = u_ZOW,x—yOU,x

S
I

v—2zoW,, = v—Zzo0.

The transfer is a rigid-body motion in three planes when the underlined terms are omitted.
With the underlined terms included, the effect on u-displacement change at S due to curva-
tures w, and v, in the line passing through B can be included. Physically, this means that
there is no relative slippage between B and S along the x-axis. The effect might be significant
when S 1s the centerline of a deep beam or a thick plate with large offsets z, and y,. Similar
terms are also underlined in equations (34) and (37).

Substitution of equations (18) into (31) and making a coordinate transformation,
one obtains the global displacements for the plate (B;; # 0):

Weg [1+ yo(npi/a)] € sin «
b (np,/a) €*tsin a

=[T R} 32
Ug 7 [L,;—(mmja)(zq+ yoL,;)] €’ cos « {R} (32)

Vg [L,;—zo(np;/a)] €* sin a i=1,2,....8
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where the coordinate transformation matrix [T] and the column matrix {R,} are:

cosy O O siny W
1 0 W,

[T]= 0 o1 o I’ {R,} = s (32a)
—sinyy 0 O cosy Wy

In the following text, superscripts + and — will be used with some matrices to distinguish
the quantity y of f;, in the matrix according to y = +b/2 or y = —b/2, respectively.
Thus, displacements at the two sides can be written generally as:

{dig} = [TIXT1{R,} = [X3){R},  y= £b/2in i of [XT]. (33)

In a similar manner, the forces along the side y = +b/2 when transferred to a parallel
line through S, becomes

(Q22)s = Q22— 29N, «

(M33)s = M3+ y0Q3,— 20N>,
(N12)s = N12

(N22)s = Npp—yoNsx-

(34)

With substitution of equations (19) to equations (34) and making a transformation into
global axis, with +{T7] used for matching at y = +b/2, respectively, one obtains

(Q22)6 [(g22)+ zo(ny,){(mn/a)] € sin a

(M3,)6 — [(mzz)i+,Vo((122)i_.zo(nzz)i] e?isin a (R,} (35)
(Ni2)g (ny,); eficos a

(N22)6 [(n3,); + yo(ny2){mn/a)) € sin o i=1,2,....8

which can be written in a matrix form as:
{fre} = £[TIIX;1{R} = [X{1{R,},  y = %b/2infof [X]]. (36)

For the case of B;; = 0, corresponding equations can be found in Ref. [15].
Similarly, for the beam elements, the displacements and forces at a point B transferred
to a point S with offsets y, and z, (Fig. 2) are expressed by :

Wy =W + yOO (qz)s = {q: + ZO(dZP/dxz)

8s = 6 (de/dx)s = de/dx+Zqu—y0q:

Uy = U—ZgW . — Vol , (dP/dx), = dP/dx (37)

Vg = U—ZOH (qy)s = qy+y0(d2P/dx2)'
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Substitution of equations (28) and (29) into (37) and making a coordinate transformation
lead to corresponding equations in global coordinates with offsets included:

{dype} = [TIIXJ{R,} = [X51{R,} (38)
{fse} = [T1[X6l{Ry} = [Xs]{R;} (39)

where {dgg} and {fz;} have the same expressions as the left-hand sides of equations (32)
and (35), respectively, and the two square matrices and the column matrix are given by:

[0 0 sin Vo Sin o U
0 0 0 sin o . vV
[Xs5] = {Ry} = (40)
mn mn w
COS & — Yy COSO® —Zy— COS 0
a aq 9
0 sin « 0 —zysina |
~zoéj3l1-;—-7E sin o 0 £ sina 0
0 zplysin — sin « sin o
[X,] = ) oba Yoy s ) (41)
éycosa 0 0 0
_ y0<§3-'f’; sina &, sina 0 0

This completes equations for matching of plate elements and beam elements with offsets
included. The unloaded side of a plate that is not in conjunction with other elements may
be free clamped, simple supported or elastically restrained. The forces and displacements
can be referred to the neutral plane of the plate in local coordinates. Take the clamped and
simple supported cases as examples. From equations (18) and (19), they are, respectively

(0, .y 1, N32) = z Wieh(1, mja, Ly (ny:)) = O “2)
8
(w, M,5,u, Ny,) = i; W, e(1,(my5);, Ly (n33)) = 0 (43)
which may be written respectively as
(XSHR} =0, [X{l{R} =0 y=+b2inp. (44)

(d) Buckling criteria

The criteria of buckling can be given in terms of critical strain or critical load intensity.
For composite reinforced stiffened plate, the critical load per unit length is different for
different plate elements for constant axial shortening. The critical strain ¢, is defined as
the uniform axial strain ¢, in equation (1) at the instant of buckling such that the orthogonal
stress o% in the kth lamina, and all the other laminas, is zero while the sum of the axial stress
¢, through the thickness of the plate, is equal to the applied uniform line load N, . Thus,
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by inverting equation (1) and putting ¢% and ok, equal to zero, one arrives at an expression
of the critical strain
!
Eor =™ & = Nu/( Z (tk/siil))- (45)
k=1
If one assumes that the orthogonal stress resultant N,, is zero, instead of lamina stress
o} in each lamina is zero, one arrives at the more familiar equation for orthotropic plate

Er = 8 = Nu/(Au—(A%z/Au))- (46)

These two equations will produce the same critical strain criteria, since prebuckling
deformations are ignored in the present analysis.

3. STIFFNESS APPROACH

In the previous approach, the matching between neighbouring elements at a junction
is based on satisfaction of both forces and displacements. The eigenvectors in the resulting
buckling equation are the displacement parameters, {R,} and {R,} of equations (32a)
and (40). It has the advantages of a direct, simple derivation, no matrix inversion and is
convenient for buckling-mode plots. However, when the structure involves a large number
of elements, a smaller buckling determinant is preferred. This can be achieved by further
manipulations of the calculated quantities to eliminate the {R,} and {R,} parameters and
use the displacement vectors at the junctions as the eigenvectors in the buckling equations.
This is the stiffness formulation and will be described simply in the following.

For a plate element which has only one lateral side connected to other elements, the
free side can be taken as elastically restrained where the external elastic force (or moments)
can be varied from 0 to infinity to simulate a no-force to no-displacement condition.
This arrangement permits a single formulation to represent all the classical homogeneous
boundary conditions and is very convenient in programming [6].

The spring force vector which is proportional to the displacement vector is given by,

{fhe} = —Tk* Mdpg} = —Tk*™ JIX3H{R,} (47)

where the + and — signs in the superscript refer to the free sideat y = +b/2andy = —b/2,
respectively. Thus, for example, [k~ _] is a diagonal matrix for the four spring constants
when side y = —b/2 is the side not connected to other elements. [X ;] are given in equation
(33).

Equating { f 75} of equation (47) to that of equations (36) and using equations (33), one
can solve for {R}, which, after substitution in equations (36), yields the stiffness matrix :

(XF)+ Mk J[X5]|7!

ret = [XS 5 - 48
{fPG} [ 4] [X;] . ( )
{dre}
where the upper superscript is used when matching of equilibrium with other elements
is done at y = —b/2 and the lower superscript is used when matching is at y = +b/2.

The stiffness matrices for a plate with both sides to be matched with other elements are:

X377 dag
{f%6}=[Xf][Xi] {d+ } (49)
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The stiffness matrix for a beam element can be found from equations (38) and (39) as
{fBG} = [XS][X7]_1{dBG} (50)

Equations (48)(50) are the required stiffnesses where the nodal displacements form the
eigenvectors in the buckling equations.

It is appropriate to note here that because of the additions of the underlined terms in
equations (31), (34) and (37), which modified the classical rigid-body transformation
between offset nodal lines, there is no slippage along the x direction between offsets.
It can be shown that the stiffness matrices thus obtained still maintain the condition of
symmetry as is required by the reciprocal theorem for linear elastic systems. In the stiffness
approach, the eigenvectors of the buckling determinantal equations are the nodal displace-
ments which is smaller in number than the displacement parameters. Consequently, the
final buckling determinant is much smaller in size by using the stiffness approach than the
parametric method. However, to derive the buckling mode as based on the nodal displace-
ments, more calculations are required than if the displacement parameters of each element
are known. Therefore, both versions have relative advantages.

4. EXAMPLE

The eight-element stiffened plate as shown in Fig. 2 will be used as an example to derive
the buckling equations where the deflection parameters are the eigenvectors. For illustrative
purpose, assuming that the left- and the right-hand sides of the plate are respectively simply
supported and clamped, the previous equations lead to the following simultaneous
equations written in a matrix form:

Q) (4) 3) ) (6) M (8)

X1o Ry
X —X;3
X: X Ry,
X -X,
X, —-X; Rz
X: X, X; <
X; -X; '
—0 (5
X3 X: < 7 )
X3 —X3 Ry
X3 —-X3
X; X X, Ry
X3 -X, R,
X! X,
L X3 Ry s
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where the numbers in parenthesis are the element numbers to which the appropriate
quantities belong. The square matrix in equation (51) is the buckling determinant, of order
56 x 56. A common factor of sina and cos « (x = mnx/a) should be taken from the rows
of the determinant.

For a stiffened plate with a number of repeated sections, only a beginning section,
a repeating section and an ending section need to be calculated. Details of such examples
are given in Ref. [15].

The buckling load, or the critical strain, which is the lowest eigenvalue in equation (51),
corresponding to a given value of m, can be obtained by the usual trial-and-error method.
In Ref. [6], a bound method which seems to be a much faster iterative procedure to determine
the buckling load has been suggested for symmetric matrix buckling equations derived
from the stiffness approach.

5. CORRELATIONS WITH OTHER ANALYTICAL AND TEST RESULTS

In correlation studies with other analytical results, the mathematical model used in
others’ analyses will be followed, i.e. whether a stiffener is treated as a beam or a plate
assembly in the present method will be consistent with those in the corresponding references.
All numerical results are obtained by using the displacement-parameter approach.

Figure 3 shows correlation with a simply supported web-flange of local buckling
modes studied in Ref. [18] in which the flange is treated as a plate. It can be seen from Fig. 3
that when the section is reinforced on the outstanding flange by composites, the flange
seems stiff enough to force a node-line at the junction and the approximate analysis of
Ref. {18] which implied such an assumption agrees very well with the present more exact
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F1G. 3. Buckling of web-flange with and without composite reinforcement at the flange (unit:in.).
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method. However, when the flange is not reinforced, the flexibility at the junction made
the results of Ref. [18] higher than the present method.

Figure 4 shows seven types of aluminum-alloy multi-stiffened plates and truss-core
sandwich panels. The degree of exactness of the analyses in original references varied.
In general, translations of the junctions are omitted while force equilibrium of them are
maintained. Results of correlations are given in Table 1 which seem to be reasonably good.
The higher buckling loads predicted by the present method for panels (6) and (7) are

"— 14.35‘—-1
(1
|~2.0¥2.05:] I1.06
4
— 21.0 —ﬁ
(2)
}»3.0}3.0] | 1.8
n

F——— 16.8 ——

(3)
2.44-2.4 b
bf—r _El
k1.0 0.02

\v4
— — ¥
(6) Lﬁwl— LLF j
e 16,13 ———
%—2-1 L4

v
(7) T s
BRI E
FIG. 4. Shapes and overall dimensions of seven types of isotropically stiffened plates and truss-core panels
for analytical correlations (unit :in.).

probably due to the fact that the flanges of the Zee and hat-sections which are in contact
with the base plate are considered as an integral part of the base plate in the present analysis
while in the references they are taken as separate. The latter resembles a riveted attachment
while the former is similar to a bonded connection. It is interesting to note that tests
conducted in Ref. [19] showed that the buckling stress of a bonded Zee-section stiffened
plate is 19 per cent higher than a corresponding riveted counterpart. Incidentally, this value
is quite close to the 18 per cent as indicated by panel 6 of Table 1.
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TABLE 1. CORRELATIONS OF ANALYTICAL RESULTS IN LITERATURE AND THE PRESENT METHOD FOR THE SEVEN PANELS
SHOWN IN FIG. 4

Comparison of Buckling load

No.of Length Present
Panel stiffeners  (in.) Remarks Reference Referencet method Ratio

1 6 12.3  Stiffener treated [20] k, = 1-87 1-86 (m = 6) 1.01
as discrete plate
Stiffener treated [21] P, =23450(1) 22432(1) 104
as smeared beam

2 6 150  Local mode, [20] k, =430 4.25(5) 1.01
stiffener treated
as plate

3 6 144  Case A: [20] 6., = 21-400 21,300 (9) 1-01
b, =192b, = 0:576
Case B: g, = 42,000 41,600 (6) 1.01
b, = 096 b, = 0-288

4 60 CaseA:t, =002 [22] g, = 16,920 16,954 (7) 1-00
Case B: ¢, = 001 [22] g, = 6070 6019 (9) 1.0t

5 896 Treated as discrete [23] g, = 20,400(5) 19,550(5) 1.03
plates

6 6 160 Treated as discrete [23] g, = 40900 (7) 49,800(12) 0-82
plates

7 5 20-0  Treated as discrete [23] o, = 47,700 (10) 52,500(17) 0-91
plates

t k, is a buckling load parameter which is proportional to the buckling load, P, is the total load, Ib. and ¢,
is the stress, psi.

For illustration, the buckling shape of the truss-core panel (4) of Fig. 4 is shown in
Fig. 5. Results corresponding to two core web thicknesses are presented. It shows clearly
that in case A, which has the same core web thickness as the face sheet, the face sheets near
the two free edges of the panel buckled; while in case B, the web is thinner than the face,
and the core in the center of the panel buckled first. Usefulness of the buckle shape plot to

aid design is evident.
]

0.02 INCH 0. l02

CASE B

F1G. 5. Buckling shapes of two truss-core sandwich panels with different web thickness: case A, panel 4

in Fig. 4, core-restrains-face type (core web thickness = 0-02); case B, panel 4 in Fig. 4, face-restrains-core

type (core web thickness = 0-01). Note: the relative amplitude of each element of the buckled shape is
drawn in scale.
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In the next paragraphs, correlations are given with available test data on axially
compressed plates, sections and stiffened plates reinforced with boron laminated composites.

Boron-reinforced plates

Table 2 shows test correlations for boron-reinforced plates from three sources. In test
denoted as (1), from Ref. [24], the specimens are all-composite laminated, 20-ply plates with
dimension 11 x 9-95 in. In test (2), plates are similar, with dimension 10 x 10 in. In tests (3)
by Boeing [15], a total of 48 specimens divided into sixteen groups were tested. Half of the
specimens were symmetrically laminated, with titanium layer in the middle and boron
laminates on both sides; and the other half specimens were unsymmetrically laminated.
Load edges are clamped. The analytical prediction is based on the measured layer thickness
of each specimen but the test load and the analysis load as given in Table 2 are the average
of the three specimens in each group. The scattering of the test correlations is believed
due to less-than-exact boundary constraints and also due to difficulties in interpreting the
accurate buckling load from test load—deflection curves.

TABLE 2. TEST CORRELATIONS FOR BORON REINFORCED RECTANGULAR PLATES

Buckling load Buckling load
(Ib/in.) {1b/in.)
Plate
No. Composite Present Present
in Ref. information Test analysis Ratio Test analysis Ratio

(1) Tests reported in Ref. [24] (unloaded edges simply supported) (unloaded edges free)

404 Fiber || to load 271 286-5 0-95 1990 206-5 097
405 Fiber L to load 251 2170 1-16 233 22:6 1.01
(2) Tests reported in Ref. [25] (load || to 0°-axis) (load L to 0°-axis)
1 0 and 90° alternate 1130 1170 097 960 990 117
4 Same 740 730 101 720 617 1-16
5 All fibers parallel 1240 1210 1-02 435 304 1-43
20 Same 1370 1335 1-03 420 336 1-25
(3) Tests reported in Ref. [15] (unloaded edges simply supported) (unloaded edges free)
8A Unsymmetrically 3625 3766 0-96 700 799 0-87
laminated
8B Same 3625 4229 086 751 925 0-81
8C Same 3243 3794 086 709 843 0-84
8D Same 4167 4613 090 838 1023 0-82
8E Symmetrically 3805 4433 0-86 1163 1595 0.73
laminated
8F Same 4397 5199 0-85 1317 1778 0.74
8G Same 4795 5237 0-92 1120 1724 0-65
8H Same 4082 4432 0-92 1002 1229 0-82

The physical properties of boron composites and titanium used in the analysis for
Boeing test specimens are:

TABLE 3
Boron-epoxy BP 907 Titanium 6A1-4V
E;; = 29117 x 10° psi E = 164 x 10° psi
E;; = 2341 x 10% psi G = 62 x 10° psi
G = 075 x 10° psi v=203
vy2 = 0-2467 Density = 0-158 Ibfin.?

Density = 0-072 Ib/in.?
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Boron reinforced structural sections

Figure 6 shows five types of Boeing test specimens of structural sections. All are titanium
except 9G-1 and 9H-1 which are Al alloy, reinforced with unidirectional boron composite
strips and rods. Ply thickness is 0-0053 in. and adhesive thickness is 0-018 in. More details
are given in Table 4.

These test specimens are machined flat at the loaded edges and placed in the testing
machine without any fixtures. Unloaded sides are free. In the analysis, the lips of Z-sections
and the tips of T-sections are idealized as beams while all the other reinforced parts are
treated as plate elements. Test results and correlations are given in Table 5. Except specimens
9A-1 and 9J-1, correlations are reasonably good.

Boron reinforced stiffened plates

Figure 7 shows the geometry of three types of Boeing test specimens of boron-reinforced
stiffened plates. They are free at the parallel sides and machined flat at the ends. Specimens
11-A, -C, -E, -G and -I are long plates of 33-7 in., whose skin is instrumented for elastic skin
buckling. Specimens 11-B, -D, -F, -H and -J are short plates of lengths 15-0 in. and tested for
ultimate loads with no intention for elastic initial buckling correlation. In the analysis,
the deep boron strips in plates -A, -B, -G, -H, -I and -J are treated as beams connected to
the two sides of angles, taken as plates; while in -C, -D, -E and -F, the boron strips together
with the immediate skins are taken as plate elements. From Table 6, one sees that all the
predicted elastic buckling loads are lower than the test ultimate loads, except -E and -F,
which are honeycomb sandwich plates whose core was crushed before buckling occurs,
and -I, where the two numbers are very close. In general, the correlations are satisfactory.
The higher predictions may be due to the fact that the boundaries are restrained against
lateral movement by friction only while the analysis assumes no lateral movements.

6. CONCLUSIONS

The present analysis for the instability of composite plates, sections and stiffened plates
with composite reinforcements, is an exact theory in the classical sense. The connections

TABLE 4. DETAILS OF GEOMETRY OF STRUCTURAL SECTIONS IN TEST SPECIMENS FIG. 6

Length Ply t ty b b, r
Specimen type (in.) Nos. (in.) (in.) (in.) (in.) (in.)
9A-1-1to -4 12:0 8 0-040 1-16 0-03
-5to -7 200 8 0-040 1-16 0-03
9B-1 13.6 12 0063 1-10 012
9C-1 13.6 12 0-063 1-10 0-12
9D-1-1to -4 12-0 8 0-040 1-16 0-08
-Sto-7 200 8 0-040 1.16 0-08
9E-1 13-6 12 0-063 043 0-28 0-125
9F-1 12.8 5 0-063 0-50 0-50 0-05
9G-1 60 0-012
9H-1 6-0 0-020
9I-1 100 8 0-063 0125

9J-1 92 3 0-025 0-050
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TABLE 5. TEST CORRELATIONS OF BOEING SPECIMENS OF BORON-REINFORCED STRUCTURAL SECTIONS

(F1G. 6)
Specimenst Average Average Analysis, buckling prediction
ultimate elastic test
No. test load buckling load Load Ratio
Type tested (Ib) (Ib) (Ib) test/analysis

9A-1 4 8375 3500 (0-0012)f 2390 (0-00051)1 (1)§ 1-46
3 5967 2130 (0-0052) 2150 (0-00046) (1) 0-99
9B-1 2 10,170 5900 7010 (0-00098) (1) 0-85
9C-1 3 27,333 19,700 (0-0023) 18,180 (0-0020) (2) 1-08
9D-1 4 9920 5510 (0-0015) 5740 (0-00093) (2) 0-96
3 11,660 5300 (0-0012) 5660 (0-00092) (3) 095
9E-1 1 33,300 33,300 (0-0033) 35,890 (0-0058) (1) 093
9F-1 1 6900 4300 (0-0020) 4390 (0-0016) (5) 0-98
9G-1 2 19,700 17,620 (0-0012) 18,870 (0-0017) (1) 093
9H-1 3 21,520 21,520{0-0073) 23,520 (0-0041)(1) 0-92
91I-1 4 37,700 28,250 (0-0043) 28,830 (0-0041) (1) 0-98
9J-1 3 10,910 2270 (0-00085) 1850 (0-00067) (1) 1-23

t All test specimens are titanium except 9G-1 and 9H-1 which are aluminum.
1 Unit strain, in./in.
§ Axial half-wave number.
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F1G. 6. Cross-section geometry of test specimens of boron-reinforced titanium or aluminum alloy
structural sections. Materials given in Table S. Ply thickness of boron tape = 0-0053 in. (nominal).
Adhesive thickness = 0-018 approx.
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TABLE 6. TEST CORRELATIONS OF BOEING SPECIMENS OF BORON-REINFORCED STIFFENED PLATES (FI1G. 7)

365

Analysis, buckling prediction

No. of Test ultimate Test elastic
Part composite load buckling load Load Ratio
No.t layers (Kips) (Kips) (Kips) test/analysis
11-A 30 180 (0-0048)1 129 (00028)r  150-8{0-0033)F (12)§ 085
11-B 30 210 (0-0056) 154-1 (00033} (6}
11-C 20 155 (0-0052) 30 33.5{0-:00088) (14) 090
11-D 20 181 (0-0061) 33-8 (0-00089) (6)
11-E 20 111 (0-0028) 150-4 (0-0038) (1)
11-F 20 211 (0-0056) 200-5 (0-0051) (1)
11-G 70 356 (0-0043}) 257 (0-0032) 343-4 (0-0038) (12) 075
11-H 70 461 (0-0056) 345-9 (0-0038) (5)
11-1 70 350(0-0042) 325(0-0026) 3514 (0-0038)(12) 093
11-J 70 232 (0-0028) 349-9 (0-0039)(6)

+ All specimens are titanium except 11-A and 11-B which are Al alloy.
1 Unit Strain, in./in.
§ Axial half-wave number.
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among plate and beam elements with offsets and the considerations of the unloaded edges
of the structure are consistent with the linear plate theory and elementary beam theory.

Reasonably good agreement with existing analytical and test data is obtained from
the results of the correlation study. Some scattering in test correlations indicates the degree
of uncertainties in dealing with the composite reinforced stiffened structures. Further
complication arises from the uncertain properties of the adhesive layer which bond the
composite lamina to the metal. When the thickness of the adhesive layer is of comparable
order of magnitude as the thickness of the composites, it could be important to include
the elasticity of the adhesive layer and the effect of the inter-lamina shear into the analysis.

Since the present method combines local instability, which involves only some of the
elements, as well as general instability, which involves the whole structure, the solution
of the eigenvector for the particular eigenvalue (buckling load) is useful. This eigenvector
capability has been included and it would be useful in an optimization analysis where the
weak members which buckled first could be detected and reinforced.
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AbcTpakT—/[1a€TCca KnaccuuecKui aHajau3 BbINYYHMBAHMS TOAKPEIIEHHBIX IUIACTHHOK, CJOXKEHHBIX M3
pSiNOB CBA3AHHbIX IUIACTHH ¥ 6anouHbix 31eMeHTOB. MaeanupusyroTcs MIACTUHKM MHOTOCTOMHBIMH
OPTOTPOMHBLIMK 3IEMEHTAMH; PacCMaTpuBatoTC GOPTHI M Kkpas IUIACTHHOK kak Oanku. HarpyxeHusie
Kpas YCWJIEHHBIX peOpaMu MNacTUHOK cBOGOOHO omepThie. YCHIINS HAa HEHATPYXKEHHBIX Kpasx MpPOM3-
BosibHble. [1nacTuRka M GanouHble 3/1€MEHTHI, BAONb WX COEAMHEHHUI, MOAOBPaHHBIE TOYHBIM CTOCOBOM,
C LIEIbIO UCTMOJIHEHUSA HEMPEPBIBHOCHOCTH AeopManuil M YCJIOBUS PABHOBECHS YCHIIHIL.

B ananuie yunThIBatoTCA OTKJIOHEHUS Mexay dnemeHTamu. Uccreayercs BhIMyYMBaHWe MIACTHHOK,
YYaCTKOB M NOJKPEILIEHHBIX M1ACTUHOK, MOJ BAMAHMEM OMLHOOCHOM CXMMaeMoi Harpy3ku. OnpenenstoTcs
Harpy3Kd Bbly4HBaHUs Gosiee HU3KKHE MO CPABHEHUIO CO BCEMHU 0OOLLE BO3MOXHBIMH.

[ns onpenenenus Bonpoca ABASKETCS JM BbIIy4YdBAHME JIOKAJILHOH unu obLiell HeycToHYMBOCTBIO,
UCMIONB3YETCA JIOKAJbHbIE BUAbI BbiNyYnBaHHA. (OOCYXAAIOTCA YHCIICHHBIE KOPPENALUMA MEXAYy MpEenio-
XKEHHBIM aHAIM30M W OUBITHBIMYU PE3YNbTATAMH IR IUTACTUHOK, Y4ACTKOB M MOAKPEILTEHHBIX MIACTHHOK,
3aKTIoYas KOHCTPYKUMHK ycuneHHsle 6opom. CXOAMMUCTE KOPPENSLIUM YMEPEHHO HAAIEKALLAS .



