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May 1968, It was released by the author in August 1968.
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» .
Chief, Theo Mechanics Branch
Structures Division
Air Force Flight Dynamics Laboratory
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ABSTRACT

The effect of initial geometric imperfections on the buckling and postbuckling
behavior of composite cylindrical shells are subjected to uniform axial compression
is studied in this report, The solution is obtained by employing von Karman-Donnell
nonlinear strain-displacement relations and the principle of stationary potential
energy. Numerical results are given for various fiber orientations in the three-
layer shell consisting of either glass—epoxy or boron-epoxy composites, with
different initial imperfections, Results indicate that the boron-epoxy composite
shells are less imperfection sensitive than the glass-epoxy composiie shells.
Isotropic shells are found to be more imperfection sensitive than composite
shells. It is noticed that the increase or decrease in the classical buckling load
with change in fiber orientation is generally accompanied by a decrease or in-
crease in imperfection sengitivity of the shell.
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SYMBOLS
A s [ A] in-plane stiffness matrix
ALA,, KI , 'Ea PR parameters defined in text
i = [a ] in-plane compliance matrix

B " aa’ . 'B'l ’_Efz' parameters defined in text

CE?) [C(k) anisotropic stiffness matrix
associated with k™ lamina

€, .G -+ C,,Cy, parameters defined in text

i " [ D ] stiffness coupling matrix

d i = [d ] compliance coupling matrix

D’i"i = [ D*] bending stiffness matrix

d'i"i z [d *] modified bending stiffness matrix

EII W E 12 E,‘_,2 elastic constants

N number of circumferential waves

Ny o NyoNyy stress resultants for the entire
laminated shell thickness

P PPy, Py modified radial deflection parameters

v,
P = ——=2— i1 through 4
i -
V0,92

P.B,,P,,P, modified amplitudes of initial
imperfection W

R radius of the reference surface of
the circular cylindrical shell

S,.5,, S

T, Te Tay e - - parameters defined in text

U,v,w reference surface displacements in
axial, circumferential and radjally
inward direction, respectively

—

w imperfection parameter

w initial imperfection of reference

surface in radial direction



AFFDL-TR-68-136

F(x,y)
Flafaafga

G,,G6,,6,," -

+Ha, 3,..‘

X,¥,7

a,B,y. €\

SYMBOLS (CONTD)
stress function
stress function parameters defined in text
parameters defined in text
parameters defined in text

the z - coordinate of common boundary of kth
and {k -1)TP layers as per Figure 1(h)

changes in curvatures

length of circular cylindrical shell

axial and circumferential half-wave-lengths respectively
moment resultants

number of laminas in shell thickness

radial deflection parameters

amplitudes of initial imperfection W

axial circumferential, radial coordinate

stifiness parameters as defined below

20, + ag4

v a,9:;

0.6
[IL.) /g
1] 22

3/4 114
1\ 22

2dg, — dig a

ez__Js /.
J * 22
95, 922

| 2dg -dy, 922
- ———— 4 a
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g fiber orientation (see Figure 1{(c))
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- *
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SECTION I

INTRODUCTION

This report is concerned with the influence of initial geometric imperfections
on the buckling and postbuckling behavior of laminated anisotropic cylindrical
shells, It has been established that geometric imperfections reduce the buckling
strength of isotropic cylindrical shells and the extent of the reduction has been
studied by many authors (References 1 through 8). A similar reduction in buckling
strength due to initial geometric imperfections is expected in the case of the
anisotropic cylindrical shells. The increasing use of fiber composite cylinders

in aerospace structures prompted this study.

von Karméan-Donnell large-displacement relations, modified to include geo-
metric imperfections, are used in the analysis. The solution to the problem is

obtained by the application of the principle of stationary potential energy.

The importance of initial geometric deviations on the buckling behavior of
an isotropic shell has been recognized for some time, This can be seen from
the early investigations of Flugge (Reference 1) in 1932 and Donnell (Reference 2)
in 1934,

However, Flugge's linear and Dennell's nonlinear analyses failed to explain
the magnitude of difference between the experimental and the theoretical results.
In 1950, Donnell and Wan (Reference 3) changed the procedure adopted by Donnell
sixteen years earlier and proposed a new method. This method was followed by
several investigators (References 4 through 7) with some modifications.

In the procedure developed by Donnell and Wan, and followed by others, the
total potential energy of the system is minimized with respect to the parameters
defining the shape of initial deviation of shell geometry. This implies that the
shape of the cylinder is altered during minimization of the fotal potential energy.
Madsen and Hoff in Reference 8 were the first to point out the error in this approach.
In this investigation, minimization is carried out only with respect to terms of

the additional displacement in radial direction caused by the applied load.
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The general theory of anisotropic shells was developed by Ambartsumyan
(Reference 9) and Dong et al. (Reference 10), Tasi et al, (Reference 11) and
Holston, et al. (Reference 12) investigated the buckling strength of filament wound
cylinders where they used the small-deflection analysis presented by Cheng and
Ho (References 13 and 14), The effect of heterogeneity on the stability of com-
posite shells subjected to axial compression is investigated by Tasi (Reference 15),
Thurston (Reference 16) outlined a large-displacement analysis of filament wound
cylinders under axial compression, where he proposes to solve the two non-
linear partial differential equations by Newton's method, The effect of fiber
orientation on buckling and postbuckling behavior of geometrically perfect fiber-
reinforced cylinders under axial compression is investigated by Khot (Reference 17),

The numerical results presented in this report are for the geometrically
imperfect three-layer glass—epoxy and boron-epoxy composite cylindrical shells,
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SECTION IT

PROBLEM FORMULATION

The coordinate system employed onthe reference surface is shownin Figure 1;
x is taken parallel to the generator, y is measured along the circumference, and
z is posiﬁve in the inward direction.

1. STRAIN-DISPLACEMENT RELATIONS

The reference surface nonlinear strain-displacement relations based on the
work of Donnell {Reference 2) for a cylindrical shell of radius R with initial radial
imperfections W are given by

] i 2_ 1w 42
€‘ - L,'x + 2 (w") 2 (w’x}
€ = v, + ~w? - L w2 - Lw-w (n
2 2' Ty 2 WY R
Ely - V,x + U'y + w'x w:y - w:xwvy

where U , V , and W are the components of the reference surfacedisplacement
vector, and W is the initial deviation of the shell in inward direction from a
circular cylindrical shape. W is the total displacement in the radial direction
including W . Then (W — W) is the displacement produced by the applied load
only, The total strains are then given by

E, = € - zk,

E, = €y, - zkv {2}
E"= Exy - zkx,

where

ky = w,xx - w,xx

ky = Wyy ~ Wiy (3)
k= -

xy th,xy W,
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2. STRESS RESULTANTS

The relations between resultant stresses and strains for the entire Iaminated

wall are written as (References 10 and 18)

It

[ [a][] - [o]fx}
W]+ [o]fe] - [#])

where the elements of (3 x 3) matrices [ A] s [ D] , and [D*] are given by

noo()
Ai’ = Ei. c:ii (th -h )
k=n
| (k) 2 2
By 'Eﬁ, AL
| & k), s 3
" -
By 3 2:=| Ci (Merim )

In the above definitions n is the number of laminas, k denctes the kth layer
bounded by z - coordinates hy and h +|(Figure 1(b)), and c:ik) is the aniso-
tropic stiffness matrix associated with the kth lamina, Inversion of Equation 4

and substitution into Equation 5 yield

(6}

where
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3. POTENTIAL ENERGY

The total strain energy of a multilayered cylindrical shell of radius R and length
L can be expressed as the sum of the following two expressions (Reference 17)

L _27R

= L e 2 2
IIl ) ff (ulle+ uzzNy M OBBNXy * zalzNKNY
00
+2a,gN Ny, + 20,0N N, ) dx dy (7
L 2#»R
s L[ [ tanwd o+ dl e dek? v 2dhk, K
nz"é' Hx 22"y 86 xy 120x Ty
00
» *
+o2d ke + 20 ko ko) dx dy (8)

The energy associated with the work done by the uniformly applied axial com-

pressive end load is given by
12[3 = - g [Nx] dyf U,x dx {(9)

The total potential energy is then given by
- 10
I = II, +II, +IL, (10)
4, EQUILIBRIUM AND COMPATIBILITY EQUATIONS

The equilibrium equations resulting from the first variation of the total
potential energy with respect to the displacements v , v and W are given by

Nx X + Nx =0
, ¥y (i
=0
e T Nyy
N, _ _ _
= N (W - W) 2N (W W )+ N W)

+ M + 2M {i2)

+ M z
X, xx Xy, Xy Y. ¥y
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The three unknowns in Equation 11 can be replaced by a single unknown F (x,y),
the Airy stress function, which is defined as

N, = F

x WYY

Ny = F oy (13)
= -F

Ny VXY

Utilizing Equations 6 and 13 in Equation 12 the equilibrium equation in radial
direction can be written as

92F xxxx + (2dga—dig) F +(d, + d,,-2d,)

1 RXXY F'X’WY

+ (2d6l—d 6)F

|
26’ Foxyyyt Ao F yyyy ¥ Fux( Wyt ) + F oy W o

—2F W, . —dh (w w

* —
XY Xy JXKXX T ,xxxx)-4d|e(wa’““¥_ W xxxy)

* » — »* TS
(2d,+ Adgg X W yxyy = Woxxyy) = 4560 W yyyy ~ W . yyy )

—a* - -
92 (W yyyy “Wyyyy! =0 (14)

Eliminating U and V from Equation 1 the compatibility condition can be
written as

I
€ + € - € = (W )z -W w - — W
X,¥y ¥, KX Xy, Xy L XY XX LYY R » XX
= 2. = — | —
(w'xv) + w'“w'"+ = w’“ {15)

The above equation can be expressed in terms of stress function by utilizing
Equations 6 and 13 as follows

F Zo“F’x“y-l- (2°|a+ a_)F

JKXXX ee) Fxxyy ™ 2 %6  xyyy

¥ auF,yyyy = - dl2( w,xxxx - w,xxu) - adaz_ dle)( w,xxxy_w,xxxy)

Uyt dppm 2 W sy W uyy) ~(2d —d, AW, o

-w _ 2_ = 2
W‘x‘”,) d2'(W ) + (w,xy) (Wix )

-W
WWYYY O LYYYY y

I — I | —
TV Wy TV W) TR W T W 016
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5. RADIAL DEFLECTION FUNCTION, INITIAL IMPERFECTION,
AND COMPATIBLE STRESS FUNCTION

The following trignometric expressions are used to represent the total radial
displacement, W  and initial radial imperfection, W

- X Ty 2mx 2T 2Ty
W = W cos (o1 + W, cos + W, cos cos
1 e, 2, 2 Ix 3 ex 8,
qmx
+ W4 cos o + Wo (7

- = X r — 2mwx — 2% 2w
W o= W cos—ﬂ.l|l cos;—’.—yL + W, cos 7, + W cos 2, cos j—yr-
- 4mx
+ W, cos T, {18)

where W, through W, are the unknown coefficients in the radial displacement
function and W| through W, are the amplitudes of the imperfections, ﬂtand 4 y
are the half-wavelengths in the axial and circumferential directions,

Equation 17, assumed to represent the total radial displacement, is of the
same form as that used for investigating the postbuckling behavior of geometrically
perfect anisotropic shells in Reference 17, and for isotropic shells in Reference 19,
In the selection of the buckling configuration (Equation 17) assumption is made
that the shell may not deform into a torsional buckling mode.

Substitution of the expressions for the assumed deflected shape and initial
imperfection into the compatibility equation and subsequent solution yield the
following expression for the stress function

—
oy

F=F- >

(19)
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in which o is the applied axial compressive load and the expression for F is
as given below

F-Fr L& ™Y ot fsin T einTY & F 21rrx+F 2Ty
= F cos 5 cosT;— 2 8iN _lx_s'"TT 3C0s 5~ 4cos—£y

+ F, cos 2-2:; cos 2-:; + F sin 2{: sinaTTr}*F?c"s 3117’: cos g:
+ F sm3£x sm% + F cosﬁ—xcos-@ﬂy'—"' Fiosin —5~ Eg smij_
+ F“cos—%r:—W FoCc0s 42: + Fzcos 4}? cos 21'3;

+ F sin 4:: sng: + Fgcos SI: cos Zz * Resin 5:: sin I:f

where the parameters F, through F . which are the functions of parameters
w, through w, and W, through W,, are as given below

(7 (6 - 2225} {0} Ty

F =
) 2 _ 2
(52 Ga
12
y
A, G,6, + {A (Gi - R ) + ZBI} G,
F =
2 2 2
G2 - 64
(21)
2 ——
- dyp L C,
F.= A + —} - ——

a7
1
ol
—t—
|
o —_
[
+
o
- ]
pr—_—
|
ol
gt

327 9, 2n a,,
-‘.2
— ,‘ — —
-—A G, - - 28,t— A_G.G
. [ 3(: 4R1rZ) z} 35V,
s " 2 2
G, -~ G,
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Pl ORI

]

02
— — y —
A3GSGZ + { AS(GI_ 4—R,—§) -232} G4
2 2
6, -6,
- {48, + 2B, + 88,} 65 /(6% - 62)
{48, + 2B, + 8B,} 6,/(67-62)
-48,6,/(6°~62
= 2 .2
48368/( G7 _GS)
2 —
_ d, 2 C,
A, {' a M 25 J —2
22 16u o, R 32u a5,
—53/32 20“
_5569”692_61:)
B 6 /(62-62)
10 9 0
"854 G.."G.E‘G.:’
- 2 2
BB4G|2/(GH _GIZ)
—aizGlsf (Giaa GI:)
aﬁa G4l GI32 -Glaz)
.Qy 1—’ - -ex
2, ,ﬂy
W - W, A, = W, - W,
Wa—W3 A‘=W4"w‘
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B' = wlwa —WI Wz Bz = w3w4 —wsw
83 = W' Ws - Wl W3 B4 = Wl W4 - W| W‘l
- 2 =2 = 2 _Tm2
€, =W W, C; = W, v,

—2 2
Gy = dopu "+ 4,7+ (d), + dy-2dgy)
G, = “zzf_‘z + allﬁa". (20, + agq4)
G3= (2dga-diglp + (2dg - dyg 7

G, = Zﬁa“ + .‘27)7'11m

o
"

8la,im®+ o, 7%+ 9(2a,+ a,,)

L1
1]
o
H
R
o

- —2 =2
G,= qu"+ 81a, " +9(2a  + Opg’

G
"
o
*
Q
n
]
+
o
&
3
o

G)
"

—2 =2
32a,,p " + 20, 7" + 8(2a,+ a,,)

Go= 32ga,, + 8% a,

G, = 6250,,E% + a, 7% + 25(20, + o,,)

ae

6, 250pa,, + 0%a,

G=ala"z+a_2+9{20 + a )
22 TR 12 ss

G = 540“,1. + Gnl‘n

10
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6, UNIT END-SHORTENING AND UNIFORM RADIAL DISPLACEMENT

The unit end-shortening caused by the uniformly applied compressive end load
is given by
€ * T 'cl; U x dx (22)

then, through utilization of Equations 1, 17, 18, and 19, and integraiing Equation 22
end~shortening can be written as

— —_— 2 —2 2 —2

£ = o, +[(w-WH+ s(w-W? .
2 —2 2 2 m

+a(wr-WAh + 320w, *-wh] "y

} 4

(23)

The continuity condition for the circumferential displacement is given by

2TR 2R
.!; Vy & © ,{; [“nzF,yy o0 Fax T Tagfuy T deW kxt 922V yy

I YT W -—
t2d Wy - bW e (W + R - Blay-0 (29
Substitution of the assumed radial deflection function, initial imperfection and
stress function into the continuity condition yields the following expression
for W,
2

_ — 2_—e 2 _w2,| TR 25)
w, o= Ra, 7 + [(WP-W) ¢ aqwl-W) o2 (

11
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7. TOTAL POTENTIAL ENERGY

Utilizing Equations 17 through 25, the following expression for the total
potential energy is obtained

4R Ti

|
II [ — [
L d":z wa TI2_ T:

2.2 2.2 2 2 2 2
{Ta’n| + |6TI3A3+ T4 (A|-+ |6A3)+ 4T3A|B,p

T, T
2 2 4 e 4 2 4 2
+64T|3A382p. +4Blp. + 6482# }4‘?—':"1_—2 {ETBAI
| 2
T5
Ty

2 2 2
+ 32T, A + 4AB L + 6448, u }+ e {( 48,
&

_ T
2 2
TEo T

+ 28, +88,)° + 6482} u* + 1682

T T
a9 2 4 Il
+ ———— 648 + ——
z .2 4 M 2 2
Tg_Tm Th = Ti2
LIPS SRR B -
t336 Y G

2 4 2 2 2 2
485’”' +2A2w +2A4w
—Lcaw-2caw + A%+ 1642

2 1 2 3 4 1 3

I

2 2 e 2 I 2 1 .2 2
+{32A2K +512A, k" + 35 C + 5 C,+ 8B, + CB,

+A%p +3285h + 1682 + 51282 | pt-x(aZanliiewp’

2 2 2 2
t(AC +16A Clou + pJ/Pp (A +32A)2u

- {C| + 8C,+ 4C+ 32C4} Zap.aw] + constants {26}
where
P, = Wi . W | through 4
S T i ° * 172 Vs roug
(a,,d,,) (0,,d,,)
u s Ly ( dz; )"4 w = R |
£y a, (uazd:zlua N2
(27)
TR oR Q. yve
N = e g = ~=T
Ey 4 ( d:z )

12



AFFDL-TR-68~136

Ay = B —R Ay = P =Ry
Aaz P3—P3 A, = |:>“_|::4
B = AR -RA B, = R - KR
B.= PP, —-PP B = PP -PP
3 1’3 13 4 14 |4
B, = RP-P,P,
} 2 =2 I Y
€= R ' C, = R 2
- 2 5 2 _ 2 = 2
€3 Py - Py Ca = Py — P,

The values of T, through T, appearing in the energy expression are as follows

T o= pte ap?e T, = 6u(u’B + oy)

T, = 2p(pu®B+y) Ty = 625u° + 25au® +

Ty ep v ppe Ao plo To= 10pm(25u®B + y)

Tos wlvpl+§) Tyo=oiept+ aaut

T, = BI,u.4+9a,u.2+l T = 4,{1.(4;.:.2[3*-)')

T= 6u(ouB +y) Tas wpr gpfen w0
Ty = p.4+ Sap,a'!-l

where the stiffness parameters a,[3, etc. are defined by the following relations

20+ agg

13
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a

) 16
Y ° Tig _3r4
0z 9y
- 2dg,mdg ay,
Va,,dy Y e
£ = 2dg —dzg Gz2
/ * a
0,297 3 "
d 2 Oy
x -
Gz2 d;f
(28}
x = doy
v 0, 9,,
v o d + d,, - 2dgg
voa, d}
* *
o = d, + 2dgg
T %
dy dp2
*
$ = a, dn,
»
0,p dpp

The end-shortening € (Equation 23) may be redefined as a new parameter

2 2_ge2 2 _m2
-BA +8(PF-PFA +a(Rf-F%

. 2
+320p2-FAl £ (29

where

£ = (30)

14
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8. NONLINEAR ALGEBRAIC EQUATIONS

The condition that for a given & (i,e., applied axial compressive load) the
total potential energy has a stationary value for small variation of L P2 ' P3 VP
is equivalent to

v v _ av a3V

ae ~ ap, P, P,

= 0 {31)

This yields the following four nonlinear algebraic equations
T 2, -2 2 .4
———le-Tz {2(T3+1;)A|+ 4T3(B|+ A'lep. + 8B R u }

2
——_lata + au®(B +aP) + ——— { 2(4B_+ 2B
2 2 { 3™ H | la} 2_ 2{ 3 {
T:'Tz Ts—Te
+ea)(4P+2P+eP1‘}+-—l’——-325P 4
TR ) 2 a M TE-12 33 M
Te a C/P C\Py
+ g 1268, R ut + Sl —RAw 28+ {5+ + 2rs8,
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The imperfection sensitivity of a cylindrical shell can be measured by a
quantity o * which is defined as the ratio of the buckling load of an initially im=
perfect shell to the classical buckling load. If T mayx 18 considered as the buckling
load of the imperfect shell and o; P its classical buckling load then

p¥ = -————Zﬂ“" (32)
For small imperfections the cylindrical shell passes through a maximum load
Omax State before it snaps through. In case of large imperfections however, the
cylinder does not experience snap-through and hense Imox is not well defined
(see Figure 2), For a given shell ¢, .. depends upon imperfection parameters

P, through P,, u, and w.

The values of deflection parameters P, through P, can be obtained by solving
Equation 32, The solution of this set of equations depends upon the parameters «
through ¢ (stiffness), P, through P, (initial imperfection amplitudes), u (aspect
ratio), w (circumferential wave number) and o (applied axial load). End-
shortening £ corresponding to the applied load o can be calculated from
Equation 29, The stiffness parameters a through qS can be calculated knowing
the thickness of the shell, number of layers and the elastic properties of material
in each layer (Reference 17), 75, through 34 depend upon the amplitudes of as-
sumed deviations from the geometrically perfect cylindrical shell, The parameters
4 and w depend upon the wavelengths of assumed initial geometric imperfection,
For isotropic cylindrical shells Koiter (Reference 20), Hutchinson (Reference 21),
and Madsen and Hoff (Reference 8) predicted that the imperfections with wave-
lengths equal to those for small-deflection buckling mode are most critical, The
parameters g and w for anisotropic cylindrical shells corresponding to buck-
ling mode for small-deflection theory can be calculated from equatiois given in

Reference 17,

9. NUMERICAL ANALYSIS

The set of nonlinear algebraic equations (Equation 32) can be solved by Newton-
Raphson iterative technique (Reference 22), A FORTRAN IV compuiei program
was written for IBM 7094 to solve the equations and to evaluate £ for given o ,

or o for given £.
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SECTION I

RESULTS AND CONCLUSIONS

From the theoretical analysis developed in the previous sections, it is seen
that the behavior of the cylindrical shell depends upon ten stiffness parameters
@ , 8 , ete. Because of this large number of parameters, it is not possible
to present meaniful generzl results in terms of stiffness parameters. Accordingly,
a three-layer cylindrical shell of radius 6,0 inches and thickness 0,036 inch is
selected to illustrate the application of the theory and to arrive at conclusive results.
The thickness of each layer is 0,012 inch and all layers consist of either glass-
epoxy or boron-epoxy composites. The elastic constants of the composites are

as given below.

glass - epoxy boron-epoxy
E, = 7.5 x 10°psi E, = 40.0 x10°psi
E,,= 3.5x10° psi E,, = 4.5 x 10° psi
v,= 0.25 v, = 0.25
G = 1.25 x I10° psi 6 = 1.5 x 10° psi
VZI = yla EEZI Ell

Two sets of fiber orientations are considered. The fiber orientations in
outer, central, and inner layers, respectively, are 1) 8,-8%0°, 2) 8.-8° 90°
where 8 assumes values ranging from 0° to 90° with 10-degree intervals. The
two sets will be referred by notation |- 8 and 2-8 , and the numerical value of
8 will indicate corresponding fiber orientation, For example, 1,20 corresponds
to fiber orientation (20°, -20°, 0°), When & is zero, fibers are axially oriented,
and when it is 90* the fibers are circumferentially oriented (Figure 4). The stiff-
ness parameters a , B , etc., for these sets of fiber orientation may be
found in Reference 17, The critical classical buckling load parameter Tep »
buckling load Er"c £ » aspect ratio parameter u  and the circumferential wave
number for small-deflection theory are given in Tables 1 and 2 for glass-epoxy
and boron-epoxy composite cylindrical shells. These values are calculated with
the aid of the computer program given in Reference 17,

18
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To study the influence of initial geometric imperfections, the relative values
of the initial imperfection amplitudes and parameters are set to

Wl= +4Wz = —4W3 = 16W4
and (34)
P = +4P, = —4PF, = 16,

These are the same as those given by Yoshimura buckling pattern (Reference 8).
The imperfection ratio W * is defined here as the ratio of the sum of initial im-
perfection amplitudes to the thickness of the shell t . The following relation is
obtained from Equations 27 and 34.

w

Vonat, 7

»*
22 dZZ

ool
]

For a specified value of W * the initial imperfection amplitude parameters El
through F_”; can be calculated from Equations 34 and 35,

For isotropic cylindrical shells all stiffness parameters given in Equation 27
are zero except that @72 = P= ¢ = |, Figure 3 shows the curves of the end-
shortening parameter £ against the axial load parameter ¢ for an isotropic
shell for different values of imperfection ratio W*. When W™ is zero o, . is
equal to o,y which is equal to unity for the isotropic shell. In Reference 8,
only two terms, corresponding to WI and Wz are used in the assumed W function
to study the behavior of an isotropic shell, |t is observed that for an isotropic
shell the values of o .. evaluated from the theory developed for anisotropic

shells in this report are comparable to those given in Referénce 8,

Figures 4 and 5 show the load-shortening curves for glass-epoxy and boron-
epoxy composite cylindrical shells for fiber orientation (0°, 0°, 0°), In Tables
3 to 18, the values of Oyqys Tmax £ a0d Eg g, are given for W* = 0,01,
0.02, 0,04, 0,06, 0,08, 0,1, 0,2, and 0.3 for glass—epoxy and boron-epoxy
composite cylindrical shells. The same results are also presented in Figures 6
through 13. The discontinuity in the curves simply indicate that for that range
of orientation there is no snap-through. Figure 6 gives the variation of me(

with the fiber orientation ( 8, -8, 0 °) for a three-layer, glass-epoxy com-
posite, Figure 7 shows the variation of imperfection sensitivity p* for the same

19
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set. From these figures, it is evident that increase or decrease. in classical
buckling load with change in fiber orienfation is generally accompanied by a de-
crease or increase in imperfection sensitivity. The same behavior can be ob~
served in the case of a glass-epoxy composite for fiber orientation ( 8, -8, 90°).
From Figures 8, 9, 12, and 13 similar behavior is observed for boron-epoxy
composite shells. In Figures 7, 9, 11, and 13 the values of p* for isotropic
shells are given for the purpose of comparison, It can be seen that the composite
shells are less imperfection sensitive than isotropic shells and boron-epoxy
composite shells are less imperfection sensitive than glass-epoxy composite
shells,
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TABLE

1.

CLASSICAL BUCKLING LUADS FOR GLASS-EPULXY

COMPUSITE CYLINDRICAL SHELL

Oec2

7.5808E-01
T.81%4E-C1
B.4265£-01
9.2255E-01
9.TEI3E-U1
9.71384E-01
9.1645E-01
Be4230E~-01
7.8227E-21

T.5748E-01

6.8789E-31
7.1580E-01
T.7171E-71
8.5789E~-01
9.3617E-01
9.60706-01
9.1760E-01
8.4390E-01
7.8272E-01

7.5808E-01

Oce

4.9158E
4.9937E
5.1599L
2.35G7E
5.4473E
5.3874E
5.2222E
5.0295E
4.8753E

4.8055¢k

4,B8054E
4.8T40E
5.0295E
5.2222E
5.3874k
5.4413E
S5.35CTE
5.1600E
4.9906E

4.9198E

37

g2

Le

(o

g2

02

02

02

02

H

1.C2300E 0O
9,9 7T40L-11
9.32531-01
9.3527E-01
Be4374t-01
T.9899€E~-01
8.0312c-01
Be3260E~01
1.6663E-01

8.085%4E-01

1.2368E 33
1.2712c 00
1.2011c 20
1.2452E CO
1.2516t 00
l.1852t (0
1.0749E 00
la01778 00
1.0026c QO

1.0300E 00

11

12

12

12

12

12

12

12

11

11

11

11

12

12

12

12

12

12

12
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TABLE

COMPOSITE
Ten Tce
4.9392E-01 8.2929¢&
5.6225E-01 9.2130E
7.3151E-01 1.1134E
9.4227E-01 1.2958F
1.01688 00 1.3212€
9.1515E6-01 1.2163E
7.6207E-01 1.0883F
6.0374E-01 9.6170F
4.,586TE-01 B.4377E
3.7875£-21 T.7412E
3.6541E-01 T.7412E
4.1170€~01 8.4378E
5.1807E-01 9.6170E
6.8294E-01 1.0883F
8.8459E-01 1.2164E
1.0151F 00 1.3212E ¢
9.5486E-01 1.2958¢E
T.5876E-01 1.1133E
5.7806E-01  9.2131E
4.9392E-01 B+2929F

38

2.

02

G2

C3

G3

03

a3

CLASSICAL BUCKLING LOADS FOR BORUN-EPCXY
CYLINDRICAL SHELL

I

1.0000t 00
1.,0C12E 00
9.7572E-01
8.7935:-01
T.4584E-01
T.2442E-01
7.9051E-01
Ba35927E-01
9.4702L-01

F.6256E-01

1.0389E 00
1.2559t 020
1.1170& 00
1.2650t 00
1.3834& CO
1. 3407E 20
1.1372E 00
1.0207E 00
F.987T7E-01

1.0000E 00

10
11
12
13
13
13
13
13
12

11

11
12
13
13
13
13
13
12
11
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BUCKLING LOADS FCR IMPERFECT GLASS-£POXY

TABLE 3.

CCMPOSITE CYLINDRICAL SHELL FOR

Tmax

6.8687€E-01
7.0553E-01
7.5472E-01
8.1979€-01
8.7D48E-01
8.7217E-01

8.2606E-01

7.6338E-C1

T.16T9E-01

6.9466E-C1

6.2799E-01
6.4861E-01
6.9812E-01
7.7536€-01
8.45156—01
8.6120E-01
8.1782E-01
7.5655E-01
7.3679E-C1

6.867T9E-C1

-
W = 0.01

Tmax
4.454CE 02
4.5051€ 02
4.6215E Q2
4.7547E 02
4.8438E 02
448249t 02
4.7071E 02
4.5%83E 02
4.4669F 02

4.407T1E 02

4.3870E C2
4.4485E 02
4.5499E 02
4.7T198BE 02
4.8636E 02
4,.8831€ 02
4.,7689€E 02
4.6259F 02
4.5065E 02

4.4535E 02

39

P*
9.0607E-01
2.0270E-01
8.956%E-01
8.8861E-01
B.8922E-01
B.3560E-01
9.0137E-01
9.0630E-01
9.1629E-01

9.1709E~01

9.1292E-01
9.1251F-01
9.0464E-01
9.33806E-01
9.0277E-01
8.9643E-01
8.9126E-01
8.9649E-01
9.0299E-01

9.0596E-01

‘Emuu

6.9242E-01
T7.1192E-01
7.5992E~-01
8.2392E-01
8.7392€-01
8.7544E-0L
8.2994E-01
T.6814E-01
T.2098E£-01

6.9942E-01

6.3844E-01
6.5969E-01
7.0812E-01
1.8594E-01
8.5562E-01
B.6942E-01
8.2417€-01
T.6242E-01
7.1342E-01

6.9192E-01
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BUCKLING LOADS FCR IMPERFECT GLASS~-EPOXY

TAELE 4.

COMPOSITE CYLINDRICAL SHELL FOR

Pmax
0.4200£-01
6.6603E-01
7-1020E-Cl
7.687T5E-01
8.1533E-Cl
8.18B46E-3J1
T.7707E-C1
7.2G04E-01
6.7936£-01

6.58B2E-C1

5.5681E-01
6.1651E-01
6.6134E-01
7.3459E-01
8.3C35E-C1
8.1295E-01
7.6945E-01
T.1256E-01
b.6733E-31

6.4900E~C1

— %
W = 0.02

o_'mux
4.2085E 02
4.2531E 02
4.3489¢ ]2
4.458BTF 22
4.5369E 02
4.5278E 02
4.4280E Q2
442995k C2
4.2337t 232

4,1796E 02

4.16G1E Q2
4,22B3E 32
4.3102€ Q2
4.47T16E 02
4.6058E 2
4.6395%E Q2
4.4868E 02
4.3569E )2
4.2553E (2

4.20692E G2

p*
8.5611E-01
8.5220E~-01
8.4282E-01
8.3329E-01
8.3288E-01
8.4045E-01
B8.4791E~-Q1L
8.5485E-01
B.6845%E-01

8.6975E-01

8.6T6ZE-01
8.6735F-01
8.5698E-01
B.5628E~-01
8.5432E-01
8.4621c-01
8.3855E-01

8.44376-01

B.52650-01

B.5611t-01

‘Emax
6.5934E-01
6.7812€E-01
2.0920E-02
T.77T42€8-01
8,2192E-01
8.2492E-01
7.8392E-01
Te2842E-01
6.867T6E-01

6.66426-01

6.1687E-01
6.37T81E-31
6.8156E-01
T.5994E-01
8.2156E-0C1
8.30GGc—01
T.8219E-01
Ta2437E-21
G TI69E-CH

6.5334E-31



AFFDL-TR-68-136

CASE

le O

BUCKLING 1L0DADS FOR IMPERFECT GLASS-EPOXY

TABLE

5.

COMPOSITE CYLINDRICAL SHELL FOR

Tmax
5.9523E-01
6.1091E-01
6.485T7E-01
6.58J37E-01
7.3874£-01
1.4257TE-01
7.J698E-0C1
6.5750E-01
6.2365E-01

6.30549E-~01

5.5331E-01
5.7194E~01
6.1125€-C1
6.7934E-01
7.3961E-C1
1.4753E-C1
7.0363E-01
6.5187E~C1
6.1238E-01

5.9523E-01

b
W= 0.04

Fl'!'i(.ll
3.8598E
3.9011E
3.9715¢E
4.048TE
4.11C8E
4.1080E
4.0286E
3.9260F
3.8865E

3.8413E

3.8653E
3.9226E
3.9837E
4.1353E
4.2563E
4.2366E
4.1030E
3.9858E
3.9C45E

3.8558F

02
c2
02
02

02

J2
02

02

c2
02
02
02
Q2
02

a2

41

P*
7.8516E-01
T.8167E-01
71.6968E-01
T.5667E-01
T.5464E-01
7.6252E-01
T-7143E-01
7.8060c-01
T.9723£~01

7.9935£-01

B.0436E-01
8.C464E-01
71.9207€-01
7.9187c-01
T7.90C4E-01
T.7811E-01
7.6682F-01
T.7245£-01
T.8237E-D1

7T.6518E-01

€ max

6.1562E-01
6.3531E-01
6. 7030E-01
T.1341E-01
7.5192E-Cl
T5492E-01
T.2042E-01
6.7384E-01
6.3692E-01

6.1984E-01

5.9469E-01
6.1656E-01
6.5469€-01
7.2625E-01
7.8531E-01
T.8375E-71
7.3000E-01
6.7594E-01
6.3750E-01

6.1562E-01



AFFDL-TR-68-136

CASE
. ©
Lel2

1.20

BUCKLING LOADS FOR IMPERFECT GLASS-EPUXY

TABLE

6.

COMPOSITE CYLINDRICAL SHELL FOR

O-ITIOK
5.5524£-01
5.706CE-01
6.C3TC0E-01
6.473BE-01
6.8234E-01
6.864CE-01
6.5463E-01
6.1355E~-C1
5.8062E-01

5.,6429E-01

5.2161E-01
5.3961t-01
5.757T0E-C1
6.4032E-G1
6.965%9E-01
7T.2083E-01
6.5633E-01
6.0783E-01
S.7211E-C1

3.5524E-01

a
max

3.6015E

3.6437C

3.696TE

3.TH4TE

3.7969E
3.7972¢
3.73L3E
3.6457E
3.6183E

3.57T99E

3.6438E

3.7069E

3.7520¢
3.8978E
4.0087TE
3.9738E
3.8270¢F
3.7166E

3.6461E

3.6J3L5E ¢

»
" = C.

J6

02

02

c2

g2

02

G2

c2

c2

a2

02

42

p*
7.3243E-01
T.3010E-01
71.1643E-01
T.0173E-01
6.9703c£~01
7.0484E-01
T.1431E-01
7.2486E-01
1.4222E-01

1.4496E-0}

71.58286-01
T.5916E-01
7.4601E-01
T«4639E-01
T+4403E-01
T.2950E-01
7T.1524E-01
1.20268-01
7.3105E-01

7.3243t-01

EMCI!.

5.8656E-01
6.0906E-01
6.3750E-G1
6.T437E-01
7.0516E-01
T.0534E-01
6. 7500E-01
6.3500E-01

6.0000E-01

5.8612E-C1
6.1219E-01
6.4875E-01
T.2300E-01
T.7344E-31
T1.5969E-01
6.9644E-21
6.4594E~-01
6.1156E-51

5.8656E-01
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BUCKLING LOADS FCR IMPERFECT GLASS-EPOXY

TABLE

1.

COMPOSITE CYLINDRICAL SHELL FOR

o.mclx
5.2289E-01
5.3849E-01
5.6800E-01
6.0669E-01
6.3786E~01

6.4115E-01

 6.1227€-01

5.7246E-01

5.4496E-01

5.3016E-01

4.9649E-01

5.1413E-01

5.4842E-01
6.1059E-01
6.6360E-01
6.6443E-01
6.1899E-01
5.,7290€-G1
5.4016E-01

5.2289E-C1

* .
W=20

a-mux
3.39Q7E
3.4386F
3.47€1E
3.5187E
3.5454E
3.5469E
3.4889E
3.4182F
3.3961F

3.3634E

3.4683E
3.5261E
3.5742¢E
3.7168E
3.8188E
3.76174F
3.6094E

3.5G30€

 3.4440F

3.39G7TE

«08

02
02
02
02
g2
02
02
02

02

02
02

02

Q2

43

P*
6.8976E~-01L
6.8901E-01
6.7406£-01
6.57T62E-Q1
6.5159E-01
6.58376-01
6.6809E-01
6.7964E-01
6.9664E-01

6.999CE-01

7.21T6E-01
T.2331E-01
T+1066E~01
T.1173E~01
7.0885E-01
6.9161E~01
6. 1457E-01
6.78B7E-01
6.9C11E-QC1

6. 89T0E~-01

Emun

5.6562E-C1
5.9281E-C1
6.1563£-01
6.4406E-D1
6.6625€-01
6.668TE-01
6.4031E-01
6.0562E-01
5.7363E-01

5.5812£-01

5.9344E-01
6.2094E~01
6.6213E-01
7.3687E-0L
T.B312E-01
7.5156E-01
6.T937TE-01
6.268TE-01
5.9594E-01

5.6562E-01
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BUCKLING LOADS FOR IMPERFECY GLASS-EPOXY

TABLE

8.

COMPCGSITE CYLINDRICAL SHELL FCR

amﬂl

4.9563E-01
5.1189£-01
5.38386-01
5.7282E~01
6.0037E-01
6.0317E-01
5.7663E-01
5.4036E-01
5.1436E-01

5.0089E-C1

4.7583E-01
4.9333E-01
5.2730E-01
* &

6.3811E~01
6.3505€-01
5.8832E-01
544404E-01
5.1366E-01

4.5563E-01

*
W =20

Umux

3,2139¢t
3.2688E
3.2967F
3.3223¢
3.3408E
3.3368E
3.2856E
3.2266F
3.2054E

3.Y7T7T7TE

3.3240E
3.3835E

3.4366F

3.6721F
3.60G8E
3.4306E
3.3265E
3.2751E

3.2139¢

10

02
o2
02
g2
02
02
02
02
02

02

92
02

62

02
g2
02
02
32

G2

»*

P
6.5380E-01
6.5498E-01
6.3891E-01
6.2091E-01
6.1329E-01
6.1937E-01
6.2917E-01
6.4153E-01
6.5752E-01

6.6126E-01

6.9172€E-01
6.5405E-01

6.5329E-01

6.8162E-01
6.6103E-01
6.41156-01
6.4467E-01
6.5625E-01

6.53850-01

** NG SNAP-THRCUGH

44

Emox

5.5094E-01
5.8B469E-01
6.0156E-01
6.2187E-01
6.3719E-01
6.3625E-01
6. 1250E-0Q1
5.8312E-01
5.4656E-01

5.3594E-01

6.1031E-01
6.4375E-01

7.1875E-01

8.4156E-01
T.5949E-01
6.7031E-01
6.1656E-01
5.8844E-01

5.5094E-0]
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BUCKLING LCADS FCR IMPERFECT GLASS-EPOXY

TABLE 9.

COMPGSEITE CYLINDRICAL SHELL FCR

o-mcx

4.0216E-C1
K

& ¥

4.6152E-01
4.7439E~-01
4.7T434E-01
4.5536E-C1
4.316TE-C1
4.C524E-01

3.9663E~01

e
%
%
%
* %
%
%
ok
X%

4.0216E~-01

—
W = C.20

crmux

2.6CT8E C2

2.6768E 02
2.6398E Q2
2.6241E C2
2.5948E 22
2.57T16F 32
2+.5254E G2

2.5162E 02

2.60138 C2

*

P

5.305CE-01

5.0027E-01
4.8460E-01
4.8708E-0C1
4.9687E-01
5.1249E-01
5,1833E-01

5.2362E-01

*%  NE SAP-THROUGH

45

£ max

6.067T5€E-01
5.6906E-01
5.5656E-01
5.45C0GE-C1
5.4406E-01
4.T531E-01

4,74C6E-01

SJQ(fDGE—G}.
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TABLE 10.

BUCKLING LGADS FOR IMPERFECT GLASS-EPOXY

COMPOSITE CYLINDRICAL SHELL FGR

max amax

¥ ¥
A%
%
X
%k
¥
*%

i

3.3696E-01 2.09G9E 02 4.30756-01

3.3176E-C1 2.1C47E G2 4.3798BE-01

%
%
*E
P
%
* %
* %
PP
%
*¥

¥* NG SNAP-THREUGH

46

efl'lt.'.lx

4.6313E-01

4.7531E~-01
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TABLE 11.

BUCKLING LOADS FUR IMPERFECT BURON-EPUXY

COMPOSITE CYLINDRICAL SHELL FOR

amux

 4.65428~01

5.2287E-01

6.6635E-01

B.4TB9E-01
9,2045E-01
8.3492E~-01
" 6.9680E-01

5.6065E-01

4.3423E~01

 3.635T7E~-01

3.5321E-01

 3.8825€-01

4+7535E-01

6.2007€E-0C1

8.1135€-01

9.3124E-01
8.6554E-01
6.9338E-01

5.3844E-01

_ 8.6542E-01

W= 0.01

—

amax

7.8144E
B.5677TE
1.0142E
1.1660E
- 1.1960E

1.1097F

 9.9771€

- B.93C6E
7.9881E
- T.43C9¢E

T.4827TE

 T.9572F

8.8240E

3.8811E

. 1.1157¢

 1.2121E

1.1746E
_1.0174E
_8.5816E

. T.Bl44t

02
03
03
03

03

02

02

02

02

02
02
02

32

03

a3

03

02

02

47

P*
9.4230£-01
9.2996E-01
9.1092E-01
8.9984E-01
9.0524E-01

9.1233E-01

9.1676E-01

9,2863E-01

3.4612E-01

9.5992F-01

9.6661E-01
9.4304E-01
9.1754E-01
9.0794E~01

9.1720E-01

9.1739E-01

9.0646E-01

 9.1383E-01
9.3146E-01

9.4230E-01

Emax

4,7625E-01
5.3187€-01
6.7317€-01
8.5292E-01
9.2442E-01
8.3992E-01
4.42C00E-03
5.7531E-01
4,6000E-01

4.0438E~01

4.4156E-01
4.1469E-01
4.9187€-01
6.3781E-21
8.3594E-01
9.5125E~01

8.7T766E~D1

 T.0134€-01

5.4812€-01

4.T625E-01
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BUCKLING LOADS FOR

TABLE 12.

IMPERFECT BORON-EPOXY

COMPUSITE CYLINDRICAL SHELL FOR

%max
4.4868E+-01

5.C030E-01
6.304%E-01
1.9694E~-01
8.6638E-01
7.8865E-Q1
6.5925E-01
5.3575E-01

44.2029E~01

3.5505€-01

3.4655E-C1
3.7532€E-01
4.5249E-01
5.879CE-~01

1.7T401E-01

B.8743E-01 _

6§.1911E-01

6.5T43E-01

5.1568E-01

4.4868E-01

W 0.02

T max

T.5333E 02
B.1979E 02

3.5964E 02

" 1.0959€ 03

1.1257E 33

1.0482E (3

' 9.4394E 02

B«5340F 02

T.7317E 02

7.256BE Q2

T.3417E 02
1.6922E 02
8.3996E 02

9.3685E 02

1.0643E 03

_1.1550E C3

l.1116E 03

. 9.6462E 02

8.2189€ 02

7T.5333E 02

48

*

P
9.0841E-01

8.8982E-01
8.6190E-01
8.4577TE-01
B.5207E~01
8.6177E~-01
8.67356-01
8.8739E-C1
9.1632E~01

9.3T43E~C1

9.4839E-01
9.1163E-01
8.7341E-01
8.6084E-C1
8.T499E-01
B.7423E~01

8.5783E-01

. B.6645E~01

8.9209E-01

9.0841E-01

Emux

4.6750E-01
5.1656E-01
6.4250E-01
6.4200E-03
T«3670E-02
T.9T17E-01
6.6984E-01
5.619%6E-C1
4.6875E-01

4.3531&-01

4.89C6E-01
4.2844E-01
4.8500E~01
6.2406E-01
B.2563E-01
9.2719E-01

8.3937E-01

6.T219E-01

5.3281E-01

4.6T50E-01



AFFDL-TR-68-136
TABLE 13.

BUCKLING LOADS FCR IMPERFECT BOWRON-EPOXY

W= 0.04
CASE Omax Tmax p* € max
l. 0 4.2315E~01 7.1047E 02 8.5672E~01 4.5719E-01
1.10 4.6613E~01 T.6478E 02 8.3011E~01 4.9719€-01
1.20 5.7881E-01 8.8B098E 02 7.9125E~01 6.0219E-01
1.30 7.2419E-01  9.9590€ 02 7.6856E-01 T.4076E-01
1.40  7.873GE-01  1.0230E 03 T7.T429E~-01 8.0092E-01
1.50 7.1993E=Cl 9.5631F 02  7.8624E-01 7.3542E-01
1.60 6.0485€-01 B.66C5E 02 7.9578E-01 6.2844E-01
1.7) 4.9885E-01  T7.9462E 02 8.262TE~-01 5.48756-01
1.80 4.,0034E-01 7.3647E 02 8.7283E-01 5.153LE-01
1.90 3.4227E-01 6.9956E 02 9.0368E-01 4.9531€-01
2. G 3.3537E-01 7.1048E 02 9.1779E-01 S.4281&£-01
2.10 3.,5769E-01 7.33C9E (2 8.6881E~01 5.0562E-01
2.20 4,2141E-01 7.8227TE 02 8.1342E-01 5.0362E-21
2.30 5.4551E-01 B.6930€ 02 7.9877E-01 6.3844E-01
2.40 **
2.50 8.2836E-01 '1.0781€ 03 8.1604E-01 9.2406E-01
2.60 7.5430€~01 1.0236€ 03 7.8996E-01 7.9687E-01
2.70 6.0571E-01 8.8874F 02 7.9829E-01 6.3469E-01
2.80 4.8178E~-01 7.6T86E 02 8.3344E-01 5.1406E-01
2.90 4,2315E-01 7.1047€ 02 8.5672€-01 4.5719E-01

COMPCSITE CYLINDRICAL SHELL FOR

**  NOC SNAP-THROUGH

49



AFFDL-TR-68-136

BUCKLING LOADS FOR IMPERFECT BORCN-EPOXY

TABLE 14.

CCMPOSITE CYLINDRICAL SHELL FOR

Trmax
4.0299E-01

4.4093E-01

5.4018E-01

6.7089E-C1

7.17656-01
6.6615E-01
5.6222E-C1
4.7113E-01

ok

3.3184E-01

3.2564E-01

%
* %
& i
*%
*¥
7.0797€-01
5.672CE-01
4.55T0E-01

4.0299E-01

© —

W = 0-06

— ]

Tmax P
6.T662E 02 B.1590E-01
T.2251E 02 7.8422E-01
8.2218E 02 7.3845E~01
G.2260€ 02 7.1199€-01
9.3249E Q2 7.0579E-01
B.8541F 02 7.2796E-01
8.05C1F 02 7.397CE-01
7.5046F 02 7.8035E-01
6. T824E 02 8.7615E-01
6.8987TE 02 8.9116E-01
9,6G76E 02 T.4144E-01
8.3223F Q2 7.4754E~-01
T.2629E 02 7.8833E~01
6.T662E 02 8.1590F-01

#% NG SNAP-THROUGH

50

Emux

4.5281E-01
4.B656E-C1
5.,7625E-01
65.9906E-01
7.5098E-C1
6.9C31E-01
5.9687E~01

5.5187E-01

5.4281E-01

5.8790E-01

T.T8T5E-01
6.1219E-G1
5.0437€-01
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 2.70_

_ 2.80

2,90

BUCKLING LCADS FGR IMPERFECT BORON-EPOXY

TABLE 15.

COMPOSTITE CYLINDRICAL SHELL FCR

%max

3.8602E~01
4.1975E-01

- 6.2804E-01

. 6.18B2E-01

6.2252E-01

T 5,27T21E-01
 4.49T7T4E-C1
S

© 3.22T0E-01

3.1696E-01
*%
** ]
*k
f*

*¥

6.72TCE-01

- 5.3636E-01
_ 4.3427E-01

- 3.86028-01

R .
W = 0.08

—_ *
Tmax P

‘6.4813F 02 T.8154E-01

6.8TBOE Q2 T.4655E-01
T.T482E 02 6.9590€E~01
B.636TE 02 6.6652E~01

" B8.8204F 02  6.676CGE-01

"B.2737E 02 6.8024E-01

7.5488E 02 6.9363E-01

- T.1639E 02  7.4492E-01

 6.5956E 02 = 8.5201E-01

_ 6.T14BE 02 8.6T41E-01
9.1289E 02 7.0450E-01
 7.8698E 02 7.0689E-01
 6.9214E 02 7.5125E-01
 6.4813E 02 7.8154E-01

_** NOQ SNAP-THROUGH

51

€ max

4.5281E-01
4.8281E£-01
5.5937E-01
6.6T19E-01
7.0594E-01
6.5312E-01
5.7406E-01

5.8844E-01

5.8844E-01

6.35006-01

7.8594E-01
6.0000E-01
5.0156E-01

4.5281E-01
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BUCKLING LOADS FGR

TABLE 16.

COMPGSITE CYLINDRICAL SHELL FOR

Tmax

3,7129€E~-01
4.0179E~-01

4.8310E-01

5.9248E-01

6.3786E~01
5.8541E-01L

4.9T66E-01

*%k

**

'3.1454E-01

3.0918E-01

¥%

*¥%

*¥

xE

*¥

=¥

5.1085E~01

4.1614E-01

3.7129E-01

pu—
W = 0.

O max

6.2339E
6.5837E
7.3531E
B.1477E
8.2882E

7.7805E

 7.1257E

6.4288E

6.5500E

7.4955E
 6.6324E

6.2339E

19

82
02
02
c2
02
02

c2

c2

g2

02
02

G2

52

%*

P
7.5172€E-01

7.1461E-01
6.6041E-01
6.2878E~-01
6.2732E-01
6.3969E-01

6.5476E~01

8.3047E-01

8.4612E-01

6.7327E-01
7.1989E-01

T1.5172E-01

%% NO SNAP-THROUGH

IMPERFECT BORON-EPOXY

E'ITIUK

4.5625E-01
4.B8469€-01
5.49369E-01
6.4406E-01
6.7281E-01
6.2437E-01

$.5844E-01

6.3875E-01

6.9250E-01

5.9719E-C1
5.0531E-01

4.5625E-01
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TABLE 17.

BUCKLING LOADS FOR IMPERFECT BORON-EPOXY
COMPOSITE CYLINDRICAL SHELL FOR

W= 0.20
CASE Tmax T max P € mox
l« O 3.1791E-01 5.3377E 02 6.4365E-01 5.2530E~01
1.12 ¥ ¥
1.20 *%
1.30 *¥
1.40 5.0212E-01  6.5244E 02 4.9382E~01 6.0187TE-01
1.50 4.6213E-01 6.1420€ 02 5.0498E-01 5.B187¢-01
1.60 =%
1.70 %
1.80 *¥
1.50 **
2. G ¥¥
2.10 **
2.20 *¥
2.345 *%
2.40 *¥
2.50  *%
2460 *%x
2.70 **
2.80 w3 )
2.90  3.1T91E-01  5.3377E 02  6.4365E-01  5.2500E-01

#%  NO SNAP-THROUGH
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' - TABLE 18.

BUCKLING LOADS FOR IMPERFECT BORON-EPOXY
COMPUSITE CYLINDRICAL SHELL FOR

W= 0.30
CASE max Tmax P Emax
1. O **
1.10 %
1.2C *%
1.30 **
1.40 ¥
1.50 *¥*
1.60 %
1.70 *¥
1.80 L
1.90 %%
2. O *%
2.10 %
2.20 %%
Z2.30 **
2.40 i
2.5C %
2.60 %
2.70 ¥
2.80 *%
2.90 ¥

#%  NC SNAP-THROUGH

54
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