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ABSTRACT

The effect of in-plane boundary conditions on the buckling loads of
simply supported ring-stiffed cylindrical shells is studied, As in the
case of unstiffened shells, the "weak" in-plane boundary conditions SS1
and SS2 yield here critica) loads about one half of the "classical"
loads. It was observed that the SS1 critical loads are identical with
the SS2 loads and the SS4 loads are almost the same as the '"classical"

SS3 loads.

The combined effect of stiffener parameters and in-plane boundary
conditions is studied. For internally stiffened shells the influence
of in-plane boundary conditions is found to diminjsh with increasing
values of stiffener eccentricity and area. No such effect is observed
for externally stiffened shells. The buckling modes are also studied
and found that they are dependent upon shell length (or Z) and upon

stiffener location and parameters.




o

iletamma-+--

A, B

A B, C

in* %jn
.'...A

A

A

1In 4n

A(n,m),B(n,m),D(n,m)

(A

D D D

on’ In’ 2n

G

22

2

t2

ol)Ax’(AOZ)Ax

- I1 -

LIST OF SYMBOLS

coefficients of additional displacements - Eqs. (9)
coefficients of displacements - Eqs. (6)
coefficients of additional displacements - Egs. (13)
coefficients of additional displacements - Eqs. (14)
defined by Eqs. (23)

coefficients of axisymmetric displacement - Eqs.(25)
cross sectional area of ring

distance between rings (see Fig. 1)

defined by Eqs. (7)

En3/12(1-v?)

defined by Eqs. (7)

moduli of elasticity

distance between centroid of stiffener cross-section
and middle surface of shell, positive when inside (see
Fig. 1)

shear moduli

thickness of shell

moment of inertia of ring cross-section about its
centroidal axis

moment of inertia of ring cross-section about the
middle surface of the shell,

torsion constant of ring cross-section
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(1 + )
length of shell between bulkheads
(L/2)

- moment resultants acting on element - Egs. (2)

integer

membrane forces resultants acting on element
integer, also number of half axial waves

axial load

defined by Eqs. (23)

radius of shell

defined by Eqs. (23)

defined by Eqs. (23)

defined by Eqs. (23)

numter of circumferential waves

uefined by Eqs. (23)

displacements (see Fig. 1)

non-dimensional displacements { = u'/R; v*/R; w*/R
Tespectively)

additional displacements - Eqs. (6)

displacemonts defined by Eqs. (9)

coordinates (See Fig. 1)

non-dimensional coordinates (= x'/R; y*/R;'z*/R)*:'.

a-vH M2 wmylem
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exponcnts - Eqs. (9)

roots of characteristic equation ~ defined by Eqs. (12)
nR/L

Kronecker delta

(EzAzez R/aD)

(Ezlozlao)

(6,1, 2/20)

coefficients defined oy Eq. (14)
(PR/7D)

®3/0)p

(1-v%) (A /E )

(2-v%) (B Az, /E_, R)

Subscripts following a comma indicate differentiation.
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I. INTRODUCTION

The influence of the in-plane boundary conditions on the buckling
load of unstiffened cylindrical shells under axial compression or
longitudinal shear has been the subject of many studies [1 - 14], For
simply supported end conditions, the most significant result obtained was
that the zero shear stress boundary conditions, SS1 (Nx = NxQ = 0) and
$$2 (u = Nx¢ = (), reduce the critical load to one half of the ''classical"
load - that obtained for the SS3 (v = Nx = () boundary conditions, while
for the S54 (u = v = 0) boundary conditions cr.tical loads equal to the

"Classical” ones were obtained, For unstiffened conical shells the effect

was studied in {[15], [16] and [17],

The influence of the in-plane end constraints on the buckling under
lateral and hydrostatic pressure of unstiffened cylindrical shells was
investigated in [18] and [19]. The effect in the case of free vibrations
was also studied in [20] and [21]. The effect of prebuckling deformations
on the buckling load of unstiffened shelis was shown by differeat investigators
{9, 20, 23] to be small except for very short shells. For stiffened shells

this effect was found to be even smaller [24] and [25].

For stiffened.cylindrical shells the effect of the in-plane boundary
conditions on the buckling load was studied in Refs, [26] and [27], Axi-

symmetric buckling modes were not examined in these studies, Since, however,




earlier studies {28] showed that in the case of externally ring-stiffened
cylindrical shells under axial compression these modes are the critical

buckling modes, they should also be considered.

In the presant report a different arproach is employed to study the
influence of the in-plane boundary corditions on tne buckling under axial
compression and hydrostatic pressure of simply supported ring-stiffened
shells, The displacement method employed for conical shells in [25] and
[15] and for cylindrical shells in [14] (which is an extension of that

used earlier for classical boundary conditions [30])is applied. In the

analysis, a solution is assumed for the w displacement, which solves the

first two equilibrium equations exactly., The solution yields four constants
which are determined by compliance with the appropriate boundary conditions
(SSi; 25 3 and 4) Then the third equation is solved by a standard
Galerkin procedure., Axisymmetric buckling modes are included and an

extensive parametric study is carried out,

It =ay be noted that the stiffening is assumed to b~ closely spaced
and hence the stiffeners are taken as "smeared" or "distributed" over the
entire shell, which implies that discreteness effects - usually negligible

[31] and [32] - are not considered, The effects of eccentricity of 1louding

are also not included in the present study,
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2, EQUATIONS AND BOUNDARY CONDITIONS

The analysis is based on the stability equation of [30] for buckling
under combined &xial compression and hydrostatic pressure, For ring-

stiffened cylindrical shells these eguations become:
Eh/(l-v)[u ..+ G59u .« Ay . -w ] = 0 (1a)
xx 0 V275,60 7 V277 %0 )X

l+v

Eh/(l-vz)[(-g-Ou,x¢ © Qv *Clixav,xx-(1+u2)w.¢-xzw.¢¢¢]=0(1b)

ORI gy 00 T M moxx * B2 xxpe * (140020, 0004
v ZERMA Ao (v ) - v ]+ A5
DV ) - Wy
W
XX
+ AP[(—Q-—) + w,“]} =0 (1c)

and the forces and moments acting on an element are given by:

N, = Bh/(l»vzj fu <* (v , -w]

¢
N, = Eh/(l-vz)[(l¢u2)(v'¢ ORI N

N..= N x " !El'g/Z(l-m)[u’¢ + v

x " N j

o X

(2)

M = -(D/R)[wxx+vw H

264
K. = -(D/R)[w.“(l + "02) + w,xx - cz(v” - w))
My ™ @RI - v

Myg =~ - ¥) + v




In the case of simply supported shells the usual out of plane

boundary conditions to be satisfied at the edges are:

W = Mx =0 at x= . (2/R) or y=20

3)
x = (/R) or y = (»/8)

The displacements u, v and w, which are the solutions of Eqs. (1), must
slso satisfy the appropriate in-plane boundary conditions, one of the

following 4 sets,

S§1; Nx - Nxo = Q
S§S82: u =N =0
x¢ at x = -(t/R) or y =0
"Classical ""SS3; vV = Nx =0
x= (LR) or y» (x/8)
SS‘; u = v = 0
(4)
Since w = 0 at the edges also w “w " O at the boundaries and
’
the condition for “x = 0 at the boundaries can be replaced by
W = ',xx = 0 at x = -(¢/R) ory =0 (5)

x = (2/R) or y = (%/8)

On the basis of {[14], (28] and [30] the displacements for the sclution

of Eqs. (1) are chosen as



Boe

= fu(x)+ I A cos(nBy)JS1n (teé)
° nsl

[~
1]

Vs [vo(x) + 21 anin(nsy)]cos (te) (6)
n=

4
n

[w (x) + z C szn(nBy)Js1n (té)
n=1

The Fourier series terms of the displacements are solutions of Eqgs.
(1), as was shown in [28] and {30], and their substitution in Eqs. (1)

yield the coefficients A, and B, in terms of Cn as in Eq. (16) of

[30].
a = Ah - Dln
no T Dy,
N Ba = Dop
b = e —
n cn Don
)
where
Dln ' TN (-!5-\-’-))(2 nBt + (1 + “2) (T)nst v(}-z-!)nsﬂs

Dy = CFIxst® + [xpn?8? - (5B s uled 4

I - 1+ unlehe

Dy = (5D v u)th o (s u) - v) n?eh? o Ante?

The additicnal displacement wo(x) is arbitrarily assumed to be equal
to zero since the Fourier series terms fulfil the boundary conditions Eqs.
(5)., Substitution of wu(x) = 0 in the first two stability equations

Eqs. (la) and (1b) yields two homogeneous differential equations for the

sdditional dispiacements u, and Vo
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lev, l+v -
Yo,xx * T%,00 * T Vo,xe 0
(8)
GO v Qedv, ot GOy = 0
"2 7 0,x$ ¥2/Y0,00 © V7T 7V0,xx
The solution of Eqs. (8) can be written as
(g, = A" sin(te)
&)

Voln™ Be®* ccs(té)

Substitution of Eqs. (8) into (9) yields the following homogeneous slgebraic

equation
2 1-v, .2 1ev O [
[® - (59t7] < (5=)at A (10)
R x J y= 0
EPat (5967 - (1 v uptt B

and non vanishing values for A and B aze obtained if the determinant of
the.coefficients of A and B is vanishing., Thus the characteristic
equation for a is obtained
-v, 4 2 4 -
et - Prany - v e ta e - 0 (1

and the roots of this equation are

K - v) ¢ J(k = 1)(k - v2),1/2
(1 =-v) !

@ =-a, = t[(

(12)

! N
tlgk - \)) .(I‘E:)‘. 1)(k -V )]1/2

03.-04 =




:
E
L
|
I
E
&
E

wheuis k= (1+ "2)

It can be showa that ay and a, are always real, because (k-l)(k-v2)> 0.

Similarly e, and @, are always real for all practical applications because

(k - v) >¥Qk - Dk - v2; for a Jarge range of k.

¥ith the above calculated values of a, the additional displacewments u,

and vo become

4 “j
(u ) = C sin(td) T A, 2
1 3
13)
4 a.x
Yo " C os(t 2 B
From Eqs. (10) the reiation between Ajn and Bjn is given by
B. = 0./,
n eJIJn
2 (14)
Zaj - (1 - vt
where ej = T+ v)ajt
and 01 =-8, ; 8; = - 94

Hence the complete displacements can be written as

u = sin(t¢) nflc [a cos(nBy)+A sh(a x)+A sh(asx)+A3nch(a1x)+A4nch(asx)]
v =cos(t¢) £ C [b sin(nBy)+e A ch(a x)+0. A

ch(a x)+6
anl D 3 2n

1Aspsha;x)¢

3 4n Sh(a x)]

Vo= sii(tg) I Csin(ngy) (1%)
n=l
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These equations include four constants of integration Ajn which will

be determined from the appropriate in-plane boundary conditions.




3. COMPLIANCE WITH IN-PLANE BOUNDARY CONDITIONS

The values of the constants A.n are determined by enforcing the four

sets of boundary conditions listed in (4).

For example, in case SS4 the requirement

u=zv=0atx=-(2/R)y ory=0

x = (L/R) or y = (n/B)

yields
[sh(o,t/R)  sh(agt/R)  -ch(a,t/R) - chiag/R) [ ] [a )
 sh(a,£/R) sh(az2/R) ch(a,%'R) ch(a,¢/R) ||A, 1% »
0,ch(a,t/R)  O.ch(agt/R) -0 sh(a t/R)  -8,sh(agt/R) JA&: “1a
| 0,ch(a,t/R)  Bych{agt/R) 8 sh(st/R)  Ogsh(at/R) LA“J O

(16)
This matrix equation can be divided into two matrix equations one
yielding symmetric modes of buckling - n =1, 3,5... and one antisymmetric

modes - n = 2,4,6...

For symmetric modes: n=1,3,5...
A:'m * A4n =0
sh(aizlk) sh(QSL/R) Aln L

* = ’
elcu(nlllk) esch(asz/R) Azn \0 {17a)
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For antisymmetric modes: a=2,4, 6...
Aln = A2n =0
ch{ax,2/R) ch(a,2/R) A - a
1 3 3n i} n (17b)
alsh(alzlk) essh(aszlk) A4n [ 0

In case §§§

Nx =v=0

In a similar manner to case SS4 , a set of 4 homogereous equations is

otbtained for which only the trivial vanishing solution exists

App = Ay = Ay = A, = 0 (18)

In 3n 4n

and the "classiczl" solution of [28] is obtained.

In case SS 2

us= Nx¢ =0
For symmetric modes: n=1,3,5
ASn * A4n =0
sh(alz/R) sh(usz/R) Aln J‘an
= (19a)

clelsh(alllk) asessh(asl/k) AZn lnﬂbn
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antisymmetric
whereas for asymmessic modes: n = 2,4,6...

AMp A0
and
ch(all./R) Ch(asz/R) A3n -2,
= (19b)
a,8,ch(a;2/R) a585ch (a4/R) Ay -nean
In case SS 1
Nx = Nxé = 0
For symmetric modes: n=l, 3, 5...
Agp = Rgn = 0
and -
(“1 - vtel)ch(clzln) (cn3 - vtes)ch(aszlk) Aln 0
(t + alel)sh(alz,‘k) {t +» ases)sh(asz/k) AZn ano-ann
4
(20a)
antisymmetric
whereas for ssymmetsic modes. n = 2,4,6...
Aln * AZn =0
and |_
| (a1 - vtel)sh(alzlk) (°3 - vtes)sh(cszlk} ASn 0

"(t + clel)ch(ulllk) (t + uses)ch(azl/k) | A4n - -tan-ann

(20b)
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4, SOLUTION

Now every term of the displacements series Eqs. (15) is a solution

of the first two stability equations (la) and (1b).

The third equation (lc) is solved by a Galerkin procedure.

21 (L/R); (n/8) {
rde 7t ~(D/R) (2w
o« 4/R);0 22%,007 040

)’w,xxxx (2+ Ne »X x¢¢*(l+“02)w CTTY )
+12(R/h) [(1+u2)(w-v ' A ]*1( 22y [(—5——* w ¢¢]}
wmdx = 0 (21)

Substitution of Eqs. (15) and performing the necessary integration
yields a system of linear homogeneous algebraic equations for the un-

knowns 1 and xp which are the critical load parameters

o8
ZC [A(n,m) + XB(n,m) +X, D(n,m)] = O (22)
n
m=1,2,3,...

where m; n =13, 5... for symmetric modes of buckling and

m; n=2,4, 6... for asymmetric modes of buckling

and where for the symmetric modes
2

AGm) = 6 %Q(n,t) + ch(a /RIR(R)A, + chegt/RIS@A,

{(23a)
B(n,m) = & T (n) (23b)
D(n,m) = 5mnu (n, t) (23¢)

antisymmetric
and for the asypmmsaméc modes
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Aln,m) = 6_n°/28 Q(n,t) - sh(a2/R)K(m) Ay, - shlgt/R)S(m) Ay (23d)
8(n,m} = émnT(n) {23e)
B{n,m) = sznU(n,t) (23£)

Qin,t), R(m), S(m), T(n), Y(n,t) in Eqs. (23} are defined as follows:

Q(n,t) = {[t,ztz-lZ(R/h)z(lmz)]tbn - 128/my% {wnga_ + (Asy)]-nte

- lz[tz(l + noz} + (2 + ﬂtz)nzﬁz - 2C2]}

25, mgn 3 2 o
R(m) = e {g,t7 - 12(R/N)7[2(1 + uy) ~¥(z31}
ay +m8B 1
20, mBn ) 3 2 “3
S(m) & eoyFrgem— {7,t7 - LR2R/W)T[t{1 + u,) - vEI])
ay +m g “ 3
2.2

T() = (n°/28) -

2,2

U(n,e) = (Pr28)[ef « BE)

Truncating of the displacement series at n = N yields a NxN stability
matrix Eq. (22) whose lewest eigenvalue yields the critical load for n = N,
In the caiculatiois, the circumferential number of waves (t) is treated as .
parameter for which the minimal critical value is found for a given n, The
size NxN of the matrix is determined by the convergence criterion for the

¢ritical load,

¥ R Ty s3 e s
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S. AXISYMMETRIC BUCKLING.

For this mode of buckling t = O and there is no depencence on Vv

and 8 and the equilibrium equation (1) degenerate to

(Eh/1-vH 13 gy = WV 120 (24a)

w
“O/R W o RERMWI U - W) - ) (58] = 0 (24b)

If as before, w, =0, the additional displacement u, becomes

U ™ (Aol)Ax X+ (Aoz)Ax (25)

and the complete displacements are then

u = nil Cn[an cos(nBy) + (Aol)Aix"{AOZ)Ax]
(26)
w= I C_ sin(nBy)
n
n=l

and, as before, the coefficients are determined by compliance with the

appropriate boundary conditions.

For axisymmetric buckling the in-plane boundary conditions (4) are given

by:

In cases $.5.1 and 5.5.3: Nx =0 at x = -(L/R) ory = 0

and cases S.5.2 and S.5.4: u =0 x= (2/R) oxr y = (x/B) 27)

The coefficients are therefore:

For 5 3 4 and §.5.2

2

;E.an n=1, 3, 5...
{
‘Aol)Ax

c n=2,4,6.,..
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(o n = 1.3.5...
(AOZ)AX =
- a 2= 2,4.6,.. (28)
and for §§§ and.SSI
Aodax = (Aodax = O (29)

(Aoz)Ax is assumed to vanish because it represents a rigid body

translation in the axial direction and thus can be ignored:

The second stabil.ty equation (24b) is again solved by the Galerkin

procedure:

v a/R; (")

2 v XX .
g d¢-!§R;(Do/R) [w’xm‘ + 12(R/h) " (1+4,) (vu’ R e ¢T5) p)]wmdx 0

(30)
which yields for the symmetric modes n = 1,3,5.,. the set of linear algebraic

homogenecus equation
C, {1 /28) 8, AR/ [a, nvw (1oup) 102 n'6*)1e(a8/mkA ), R/M)Pry +

22 2
+ 8% (n%/28) 8 (A + Ap)} = 0 m=1,3,5,..,, (31)
and for the asymmetric modes - n ~ 2, 4,6.. another set

Gmncn(n2/283{24(R/h)2[an nev + (1+u£ﬂ + 2n484_ +n262(k+lp)} = 0
(32)
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6. NUMERICAL RESULTS AND DISCUSSION

In the numerical work two main stiffener configurations, differing

0.5,

in their eccentricity, were studied, one with (e2/h) = t], (AZ/ah)

(Izz/ahs) = 2and n_, = 3 (Table la) and the other one with (e,/h) = *5,
(A,/ah} = 0.5, (I,/ah’) = 2 and n , = 3 (Table 1b). In both studies

the shell geometry was varied in the ranges 0.03 & (L/R) & 2.00 and

100 ¢ R/h ¢ 2000. The critical loads obtained for these geometries of
shells and stiffeners are presented in Tables la and lb. These loads are
computed for the four simple support in-plane boundary conditions SS1 to
SS4. The calculated critical loads are compared with the ''classical"
bucklings loads (SS3 boundary condit@ons) and the results are plotted as
a function of the Batdorf parameter Z in Figs, 2a and 2b and as 2
function of the nondimensionalized shell length (L/R) in Fig. 3 with (R/h)

as an additional parameter.

From Figs. 2a and 2b, as well as Fig. 3, it can be seen that the SSl
boundary conditions yield exactly the same critical loads as the SS2
boundary conditions and that the 5S4 boundary conditions yield the same
loads as the ''classiral' SS3 conditions, From Figs. 2a and 2b it can be
seen that in the very low range of the Batdorf parameter Z < 0.2 the
different in-plane boundary conditions do not differ the critical loads.
But from Tablesla and 1b one may also observe that, though the critical

loads are identical the corresponding buckling modes are completely different.
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The SS1 and $S2 bouadary conditions yield asymmetric buckiing modes where-
as the S53 and SS4 boundary conditions yield axisymmetric buckling modes.
It may be noted that for asymmetric modes the critical number of
circumferential waves is t = 2 in many cases. For such small numbers of
circumferential waves the Donnell type stability equutions employed in the
analysis are inaccurate in general. However, since the critical loads are
found to increase only very slightly if t is increased from 2 to 4 or §
gusually by less than 1%), the buckling loads */ith t = 2 can here be taken

as close approximations.

With increasing values of Z up to values of Z% 4.7 the critical loads
corresponding to SS1 and SS2 boundary conditions decrease to values as low
as 35% of the 'classical" critical loads for Z25 4.7. Beyond this value
of Z, the SS] and SS2 critical loads increase with Z, reaching values of
about one half of the ""Classical' load for Z % 10, For Z > 10 there is a
slight increase of the SS1 «nd SS2 critical loads with increasing Z. This
behavior differs slightly from that of unstiffened shells for which the SS1
and SS2 boundary conditions yield half the critical "classical" load in-

dependent of _ (See [6], {7], [13] and [14]).

Figures 2a and 2b show clearly that the influence of the in-plane
boundary conditions depends on the eccentricity of the stiffeners. In Fig.
da it is observed that in the case of low values of eccentricity, (ez/h) s t]
both externally or internally stiffened shells are equally affected by the

in-plane boundary conditions for values of Z larger than 10, A noticeabla
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difference between external and internal stiffening appears there only in
the range 4 < Z < 10 where first external stiffening yields lcwer ratios of
critical loads than internal stiffening and then the effect is inverted

but of smaller magnitude,

With the larger vclues of eccentricity (ez/h) = t5 in Fig, 2b a noticenble
difference is evident between internal and external stiffening for low value of 2
(Z > 1) as well as for larger values of Z, External stiffening yields lower
ratios of SS1 and SS2 to 5S3 ioads for most shell geometries, excapt for a
small region 6 < Z < 9 where the effect is inverted., Similar conclusions can

be drawn from Fig. 3.

There is some scatter of the points representing the ratios of the
critical loads when plotted versus the shell geometry paramet¢r Z. There
are two reasons for this scatter. First the shell geomctry parameter is
only an approximate overall parameter in the case of stiffened shells and
hence most of the scatter disappears when the ratios are plotted for the
separate geometric parameters (See Fig. 3). Secondly the critical values
occur at different circumferential curve numbers for different in-plane
boundary conditions. The necessity of integral values causes the well
known "ripples" in the curves of buckling load versus geometry parameters,
which differ for each case aid result in scatter when divided to give the

ratios of the buckling loads.
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In [28] it was concluded that externally ring-stiffened cylindrical
shells should always buckle in an axisymmetric mode. The present results
(Tables la and 1b) extend this conclusion $p the SS 4 boundary conditions

which are also shown tc yicld axisymmetric modes of buckling for such shells.

In Table 2 and Fig.d4 the variation of the influence of the in-plane
boundary conditions with increasing eccentricity is studied, The geometries
of the shells are given in Table 2. From Fig. 4 it can be seen that for
external stiffening the influence of in plane-boundary conditions does not
change with magnitude of the eccentricity, For inside stiffening, on the other
hand, the magnitude of the eccentricity affects the influence of the in-plane-

boundary conditions which is reduced with increasing eccentricity.

The variation of the influence of the in-plane boundary conditions with
increase of the rings area parameters (Azlah) is investigated in Table 3
and Fig. 5. Geometry and dimensions of the shells studied are presented in
Table 3. From Fig. 5 it is seen that for externally stiffened shells the
magnitude of the ring-area is practically inmaterial whereas for inside stiffening
it is a major factor. The §S! and SS2 critical loads increase noticeably
with increasing values of the area parameter (Az/ah) and approach the

"classical"(8S3) critical load.

In Table 4, the effect of increasing the moment of inertia parameters
(I22/ah3), in relation to the influence of the in-plane boundary conditions
is studied on some of the shells, The dimensions and geometry of the shells

examined are given in Table 4. The moment of inertia is found to have no
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effect on the critical load ratios of the '"weak'" boundary conditions S$31
and SS2. 1In Table 5 and Fig. 6 the effect of increase of moment of inertia
is also studied for a wider range of the parameter, 1 < Izz/ah3 < 50, with
the same negative result. The dimensions and geometry of the shells are

listed in Table 5,

The buckling modes of the w displacement (radially inwards) were
also studied (Tables la and 1b). Some of the results are given in Figs,

7 to 11.

In Figs. 7a to 7d the buckling modes for ''thick" shells with (R/h)=100
and low eccentricity (e,/h) = 1 are presented ., It can be seen from these
figures that short shells (Fig. 7a - Z = .954 and Fig. 7b Z = 8.59 ) yield
identical modes for all the in-plane of boundary conditions (SS1 to $54).

Note also that the modes are identical for internal and external stiffening.
As the length of shells increases (Fig. 7c¢ - Z = 95.4 and Fig. 7d- Z =382 ),
the buckling modes for the SS1 and SS2 boundary conditions remain identical
and independent or stiffener location. It can be seen that these "weak"
boundary conditions are charucterized by edge buckling which is the reason

for their low critical loads. On the other hand the SS3 and SS4 boundary
corditions yield mudes that differ completely from those of SS1 and $S2 and
depend also slightly on the stiffener location. Note that for internal
stiffening the SS4 mode differs slightly from the SS> mode while for external
stiffening the modes are identical. Fig. 7d shows a more pronounced difference

between the SS3 and SS4 modes with further increase of the shell length. The
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SS3 mode now significantly differs from the SS4 mode, and internal and

external stiffeners yield different modes of buckling.

In Figs. 8a to 8d the bucklipg modes are given for similar shells
but with a larger ring-eccent:icity- (ez/h) = ¢+ 5, Increase in eccentricity
changes the buckling modes. The SS3 and SS4 buckling modes are now not
identical with the SS1 and SS2 modes, even for short shells: Fig. 8a- Z = .954
and Fig. 8b - Z = 8.59 | For the short shell (Fig. 8a) no dependence
upon the location of stiffeners is observed for all in-plane boundary
conditions, whereas location dependence can be seen for the medium shell
of Fig. 8b. For this shell, the SS3 moda differs for internal and ~xternal
stiffeners., With increase of the shell length, the modes of Figs. 8c and
84 are obtained which exhibit a behavior similar to that in Figs. 7c and

7dl

In Figs. 9a to 9d the buckling modes are presented for.thin:shplls,
(R/R) = 2000, having a low value of eccentricity. The reduction of shLll
thickness, or rather the inrease in 2, yields different modes for the SS1
and SS2 boundary conditions than for SS3 and 5S4, Note that for the short
shell of Fig. 9a - Z = 19.1 the modes are location independent. With
increase in length of shell (Fig. 9b - Z = 477 )the SS3 modes begin to
differ from the SS4 modes, and the SS4 modes are also dependent upon the
location of stiffeners, From Figs. 9¢ and 9d it can be seen that with
further increase in shell length the SS1 and SS2 boundary conditions yield
identical buckling modes that are location independent. Similar conclusions

apply to the SS3 and SS4 boundary conditions.
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In Figs. 10a to 10d the buckling modes are studied for shells with

the same geometry as Figs.9a to 9d, except for larger eccentricity,

(ez/h) = 5. For short shells, the results of Fig. 10a - Z = 19.1 and

Fig. 10b - Z = 477 are similar to those of Fig. 9a and 9b. With a

further increase of shell length, a significant effect of the increased
eccentricity is noted for SS4 modes of internclly stiffened shells (Figs.

10c - Z = 1910 and 10d - Z = 7630). For corresponding externally stiffened

shells no similar effect is observed.

The influence of stiffener eccentricity on the SS4 modes in the case of
long shells is studied in Figs. lla to llc. A significant effect is only
observed for laige values of eccentricity (Figs. 11b - Z = 8600 ; e, /h =5
and 11¢c -z = 8600;(e2/h) = 5), From Figs. 11b and 1lc it can also be seen

that an increase in the moment of inertia of the stiffeners changes the

a7 Pt o

SS.4 modes noticeably.

It should be pointed out that in all the "long" shells the SS1 and SS2

modes are always characterized by edge buckling, which can explain the
significant reduction in the critical loads corresponding to these boundary
1 cenditions. These boundary conditions yield buckling medes which were almost
! always one sided - inwards (positive w displacement), except for long shells

with large eccentricities as in Figs. 'lb and 1llc,

T
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7. CONCLUSIONS

As for unstiffened shells, the critical loads of ring-stiffened
shells depend on the in-plane boundary conditions. The 'weak"
SS1 and 5S? condition yield identical buckling loads which are
about one half the ''classical" SS3 loads. The SS4 boundary con-
ditions yield critical loads which are practically equal to the

"ciassical' loads, or very slightly larger.

The buckling loads of very short shells - 2 < 0,1 are independent

of the in-plane boundary conditions.

In the range of 0.1 < Z < 10 the 551 and S52 boundary conditions
yield critical loads which are as low as 35% of the corresponding

"classical' load.

For externally stiffened shells the influence of in-plane

boundary conditions is not affected by the stiffener geometry.

For internally stiffened shell, on the other hand, critical loads
for the "weak' in-plane boundary conditions SS1 and SS2 zncrease
with stiffener area and eccentricity. For very large stiffener
area they approach the*classicaI“SSS critical loads. Changes in
the moment of inertia of stiffeners have a negligible effect on the

influence of in-plane boundary conditions.
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f. The buckling modes depend on the shell length (or Z) and on the

stiffeners geometry.
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stiffener location and parameters.

The effect of in-plane boundary conditiuns on the buckling loads of simply
supported ring-stiffened cylindrical shells is studied.
unstiffened shells, the "weak" in-plane boundary conditions SS1 and 852 yield
here critical loads sbout on: half of the 'classical loads.
that the SS1 critical loads are identical with the SS2 loads and the $§S4 loads
are almost the same as the "classical" S$S3 loads.
stiffener parameters and in-plane boundary conditionas is studied.
stiffened shells the influence of in-plane boundary conditions is found to
diminish with increasing values of stiffener eccentricity and area,
effect is observed for externally stiffened shells.,
studied and found that they are dependent upon shell length (or 2) and upon

As in the crse of
It was observad

The combined effect of
For internally

No such
The buckling modes are also

DD SU.1473

UNCIASSIFIED

Secunily Classification

B et




Fv“\"-ﬁmv-*lﬁm"v‘"""’V"' TR T T T i

T T T T S e WP, ST PTG TR, \ P

i , N — - TR AT
1S

v

3

k

UNCIASSIFIED

Cecurnty Clasyification
'aiaie
L.INK A L«NK B LiNK C

"
KEY WORDS wore J wr_ Jrnowe | w1 jroue | wy

STIFFERED CYLINDRICAL SHELLS

INFLUENCE OF IN-FLANE BGUNDARY CONDITIONS

INFLUENCE OF RINGS ON BOUNDARY CONDITION
EFFECTS

»

UNCLASSIFIED

Eocurily Classilieation




