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1. Introduction

1.1 Buckling strength of shells

This RP treats the buckling stability of shell structures based
on the load and resistence factor design format (LRFD).
Chapter 2 givesthe stressin closed cylinders. Chapter 3
treats the buckling of circular cylindrical steel shells, see
Figure 1.1-1. The shell cylinder may be stiffened by
longitudinal stiffeners and/or ring frames.

LONGITUDINAL
STIFFENER

RING FRAME

Figure 1.1-1 Stiffened cylindrical shell

It is assumed that the edges are effectively supported by ring
frames, bulkheads or end closures.

Stiffened circular cylindrical shells have to be dimensioned
against several buckling failure modes. The relevant modes
are defined in Section 1.3. To exclude local buckling of
longitudinal stiffeners and rings, explicit requirements are
givenin Section 3.10

In Table 1.3-1 reference is made to recommended methods
for buckling analysis with respect to different buckling
modes. The methods are to be considered as semi-empirical.
The reason for basing the design on semi-empirical methods
isthat the agreement between theoretical and experimental
buckling loads for some cases has been found to be non-
existent. This discrepancy is due to the effect of geometric
imperfections and residual stressesin fabricated structures.
Actual geometric imperfections and residual stresses do not
in general appear as explicit parameters in the expressions
for buckling resistance. This means that the methods for
buckling analysis are based on an assumed level of
imperfections. Thislevel is reflected by the tolerance
requirements given in DNV OS-C401; Fabrication and
Testing of Offshore Structures.

The recommended methods for buckling analyses may be
substituted by more refined analyses or model tests taking
into account the real boundary conditions, the pre-buckling
edge disturbances, the actual geometric imperfections, the
non-linear material behaviour, and the residual welding
stresses.

Chapter 4 treats the buckling of unstiffened conical shells.

1.2 Symbols and Definitions

1.2.1 Symbols

The following symbols are used and may not have a specific
definition in the text where they appear:

A cross-sectional area of alongitudinal stiffener
(exclusive of shell flange)

Ac cross sectional area of complete cylinder section;
including longitudinal stiffeners/internal
bulkheadsif any

Ay cross sectional area of flange (=bt;)

Ar cross-sectional area of aring frame (exclusive of
shell flange)

Areq  required cross sectional area (exclusive of
effective plate flange) of ring frame to avoid
panel ring buckling

Ay cross sectional area of web (=ht,,)

C reduced buckling coefficient

C coefficient

C, coefficient

E Y oung’s modulus = 2.1-10° N/mm?
E

G shear modulus, g — 2Ter)

I moment of inertia of alongitudinal stiffener
(exclusive of shell flange)

le moment of inertia of the complete cylinder
section (about weakest axis), including
longitudinal stiffeners/internal bulkheads if any

Ipo polar moment of inertia
Ir effective moment of inertia of aring frame
| et moment of inertia of longitudinal stiffener

including effective shell width s,

I stiffener torsional moment of inertia (St. Venant
torsion).

1, moment of inertia of a stiffeners neutral axis
normal to the plane of the plate

Ih minimum required moment of inertia of
ringframes inclusive effective shell flangein a
cylindrical shell subjected to external lateral or
hydrostatic pressure
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Iy mi nimum rgqui req momenF of inertia of . fis characteristic buckling strength of a shell
e e g oo chS g e of asl
Ixh minimum required moment of inertia of fr characteristic material strength
ringframes inclusive effective shell flangeina fr torsional buckling strength
cylindrical shell subjected to torsion and/or shear A, yield strength of the material
L gi?tfaer:gj ligtlvlvr?degr effective supports of the ring h web height
L o e e "
Ly equivalent cylinder length for heavy ring frame gtiffener.
Mgy design bending moment i radius of gyration
M1 s design bending moment about principa axis 1 ic radius of gyration of cylinder section
M2 sy design bending moment about principal axis 2 in effective radius of gyration of ring frame
Neg design axial force inclusive affective shell flange
Osy design shear force k effective length factor, column buckling
Qisa  design shear forcein direction of principa axis 1 ! distance between ring frames
Q.s¢ design shear forcein direction of principa axis 2 le equivalent length
To, design torsional moment Lo effective width of shell plating
L2 leo equivalent length
Z = Tt W ; Curvature parameter It torsional buckling length
zZ, = ” \J1-v? , Curvature parameter Pe design Ia?teral Pressire
rt r shell radius
Z, = i\/ﬁ , Curvature parameter fe equivalent radius
rt re radius of the shell measured to the ring flange
a Factor I radius (variable)
b flange width, factor ro radius of the shell measured to the neutral axis of
by flange outstand ring frame with effective shell flange, /e
c Factor s distance between longitudinal stiffeners
e distance from shell to centroid of ring frame S effective shell width
exclusive of any shell flange t shell thickness
& flange eccentricity ty thickness of bulkhead
fax reduced characteristic buckling strength to equivalent thickness
fakd design local buckling strength t thickness of flange
fe elastic buckling strength tw thickness of web
fea elastic buckling strength for axial force. w initial out-of roundness
fen elastic buckling strength for hydrostatic pressure, z distance from outer edge of ring flange to centroid
lateral pressure and circumferential compression. of stiffener inclusive effective shell plating
fem elagtic buckling strength for bending moment. o, 0a  coefficients
fer elastic buckling strength for torsion. 0 0c  coefficients
fe elastic buckling strength for shear force. B coefficient
fi characteristic buckling strength 8o initial out-of-roundness parameter
fic characteristic column buckling strength T material factor
fred design column buckling strength o coefficient
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A reduced column slenderness
As  reduced shell senderness T—M t
Ar  reduced torsional slenderness Y
M i -
W Coefficient i |
0 circumferential co-ordinate measured from axis 1 tW
P Coefficient e i
v Poisson's ratio = 0.3 h r
Casq  design membrane stress in the longitudinal r L
direction due to uniform axial force @ b t ;
onsa  design membrane stress in the circumferential i o
direction I
Omrss  design membrane stressin aring frame =\é
Oommsd  design circumferential bending stressin a shell at <—>j
abulkhead or aringframe
Oj sd design equivalent von Mises' stress
. . T Figure 1.2-1 Cross sectional parameters for a ring frame
Omss  design membrane stressin the longitudinal
direction due to global bending 1.3 Buckling modes
Oxss  design membrane stressin the longitudinal The buckling modes for stiffened cylindrical shells are
direction categorised as follows:
Gxm s gﬁk%réégngg’ﬂ'ﬁ'r;ing' ng stressinasell a a a) Shell buckling: Buckling of shell plating between rings/
g longitudinal stiffeners.
Tsd design shear stress tangential to the shell surface b) Panel stiffener buckling: Buckling of shell plating
(in sections x = constant and 6 = constant) including longitudinal stiffeners. Rings are nodal lines.
. . ¢) Pand ring buckling: Buckling of shell plating including
Trsd gw ?n tshegr S;%S tang?ntlal to the shell surface rings. Longitudinal stiffeners act as nodal lines.
ueto torsonal momen d) General buckling: Buckling of shell plating including
Tosd  design shear stresstangential to the shell surface longitudinal stiffeners and rings.
due to overall shear forces €) Column buckling: Buckling of the cylinder as a
oFfici column.
S coefficient For long cylindrical shellsit is possible that interaction
v coefficient between local buckling and overall column buckling
. may occur because second order effects of axial
g coefficient compression alter the stress distribution calculated from
linear theory. It is then necessary to take this effect into
account in the column buckling analysis. Thisis done
1.2.2 Definitions by basing the col umn buckling on areduced yield
. L _ strength, f, as given for the relevant type of structure.
A general ring frame cross section is shown Figure 1.2-1, f) Local buckling of longitudinal stiffeners and rings.

A

Centroid of ring frame with effective shell flange,

leo
Centroid of ring frame exclusive any shell flange

Centroid of free flange

Section 3.10

The buckling modes and their relevance for the different
cylinder geometries areillustrated in Table 1.3-1
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Table 1.3-1 Buckling modes for different types of cylinders

Orthogonally stiffened

Buckling mode

Type of structure geometry

Ring stiffened
(unstiffened circular)

Longitudinal stiffened

a) Shell buckling

Section 3.4

b) Panel stiffener buckling

4

>

75,

i
7

47

7

i
Q)

3

8
el
g5

Section 3.6
¢) Panel ring buckling
Section 3.5
d) General buckling
€) Column buckling
i
i
(i
s
W
)
W
Section 3.8 Section 3.8 Section 3.8
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2. Stresses in Closed Cylinders

2.1 General

The stress resultants governing the stresses in a cylindrical
shell isnormally defined by the following quantities:

Nggy = Designaxia force

Mgy = Design bending moments
Tsy = Designtorsional moment
Qsy = Design shear force

Psy = Designlateral pressure

Any of the above quantities may be a function of the axial
co-ordinate x. In addition psy may be afunction of the
circumferential co-ordinate ©, measured from axis 1. pgy iS
always to be taken as the difference between internal and
external pressures, i.e. psqy IS taken positive outwards.

Actual combinations of the above actions are to be
considered in the buckling strength assessments.

2.2 Stresses

2.2.1 General

The membrane stresses at an arbitrary point of the shell
plating, due to any or al of the above five actions, are
completely defined by the following three stress components:

Oxss = design membrane stressin the longitudinal
direction (tension is positive)

Ohst = design membrane stressin the circumferential
direction (tension is positive)

Ty = design shear stresstangential to the shell surface

(in sections x = constant and 6 = constant)

2.2.2 Longitudinal membrane stress

If the simple beam theory is applicable, the design
longitudinal membrane stress may be taken as:

(2.2.1)

Gx,Sd = Ga,sd + c5m,5d

where 6,54 IS due to uniform axial force and o, 54 iS dueto
bending.

For acylindrical shell without longitudinal stiffeners:

o = Ng 2.2.2)
a5 ot
My s 2,5 2.2.3)
=— 0 —————cosH
Omsd r’t nrlt

For acylindrical shell with longitudinal stiffenersitis
usually permissible to replace the shell thickness by the
equivalent thickness for calculation of longitudinal
membrane stress only:

L=t % (2.2.4)

2.2.3 Shear stresses

If simple beam theory is applicable, the membrane shear
stress may be taken as:

o= lrr.sa 0,50 (2.2.5)

where T g4 is due to the torsional moment and tq,s4 is due to
the overall shear forces.

LTy (2.2.6)
TS onr?t

Q Q 2.2.7
15 oy 228 ( )

T =— CO!
Q.&d nrt nrt

where the signs of the torsional moment and the shear forces
must be reflected. Circumferential and longitudinal stiffeners
are normally not considered to affect tgy.

2.2.4 Circumferential membrane stress

For an unstiffened cylinder the circumferential membrane
stress may be taken as:

Py (2.2.8)
°hsd= "

provided pgy iS constant (gas pressure) or asine or cosine
function of 0 (liquid pressure).

For aringstiffened cylinder (without longitudinal stiffeners)
the circumferential membrane stress midway between two
ring frames may be taken as:

_Pgy’  af (Pgy’ 2.2.9)
°hsd =y _a+1[ t _chﬁd]
where
(=2 thg cosﬁ+C(.)sthmB, but¢ > 0 (2.2.10)
Sinh 2 +sin 2B
b= / (2.2.11)
1.56\rt
Ag (2.2.12)
o=—"
I t
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_ l[ Cosh 2B — cos2p ) (2.2.13)

® Bl Sinh2B+sin2p
€ and /e, may also be obtained from Figure 2.2-1.

For simplification of the analysis the following
approximation may be made:

lo =10r_ =156rt whicheveristhesmaller.

For the particular case when psy is constant and oy g4 is due to
the end pressure alone, the above formula may be written as:

2.2.14
al1-Y | ( )
o —Psal 1- 2
h,Sd t a+l
1.2
1.0
0.8
0.6 4
0.4 4
0.2 - leo
1567t
0.0 T
0.0 0.5 1.0 1.5 2.0 25 3.0
B

Figure 2.2-1 The parameters /., and {

2.2.5 Circumferential stress in a ring frame

For ring stiffened shells the circumferential stressin aring
frame at the distancer, (r, isvariable, r, = r; at ring flange
position and r, = r at shell) from the cylinder axis may be
taken as:

_(Psar 1 (r
oM =| T ot fro| o
:

For the particular case when pg, is constant and oy sq IS due to
the end pressure alone, the above formula can be written as:

(2.2.15)

v (2.2.16)
Groe =Psdl| 2 |1
hR.Sd t | 1+a [r

For longitudinally stiffened shells o, should be replaced by
Ag ineg. (2.2.15) and (2.2.16).
/t

2.2.6 Stresses in shells at bulkheads and ring stiffeners

2.2.6.1 General

The below stresses may be applied in a check for local
yielding in the material based on avon Mises equivalent
stress criterion. The bending stresses should also be
accounted for in the fatigue check, but may be neglected in
the evaluation of buckling stability.

2.2.6.2 Circumferential membrane stress

The circumferential membrane stress at aring frame for a
ring stiffened cylinder (without longitudinal stiffeners) may
be taken as:

(2.2.17)

Psa ' 1
o = —Vo ——+ Vo
h,sd ( t x,Sd ]1+ o x,Sd

Intthe case of abulkhead instead of aring, Ar istaken as
(lr_—i’/) , Where ty, is the thickness of the bulkhead. For the
particular case when psq iS constant and oy 4 is due to the
end pressure alone, the above formula can be written as:

v
- 2.2.18
Psqr ! 2+ ( )

v
t 1+a 2

Ohsd =

2.2.6.3 Bending stress

Bending stresses and associated shear stresses will occur in
the vicinity of “discontinuities’ such as bulkheads and
frames. The longitudinal bending stressin the shell at a
bulkhead or aring frame may be taken as:

(2.2.19)

where o, 55 iSgivenin (2.2.17) or (2.2.18).

The circumferential bending stressin the shell at a bulkhead
or aring frameis:

(2.2.20)

Ohm,sd = VO xm,sd
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. . . . i > 324
3. Buckling Resistance of Cylindrical Shells O = 0 1Moy 20 (3:24)
' —0,5if 0,5 <0
3.1 Stability requirement
The stability requirement for shells subjected to one or more o -1 0 ifone 20 (3.2.5)
of the following components: M = 0psa if Oppsg <O
if 6, ¢ = 0,internal net pressure ~ (3.2.6)

- axia compression or tension

- bending

- circumferential compression or tension
- torsion

- shear

isgiven by:

0,0 <fr G.1.1)

0;,s4 IS defined in Section 3.2, and the design shell buckling
strength is defined as:

(3.1.2)

The characteristic buckling strength, fy, is calculated in
accordance with Section 3.2.

The material factor, yv, iSgiven as:

vy =115 for A, <0.5 (3.1.3)
Yy =0.85+0.60k, for 0.5<i <10
Yy =1.45 for A, >1.0

Shell structures may be subjected to global column buckling.
Evaluation of global column buckling isfound in Section
38.

3.2 Characteristic buckling strength of shells
The characteristic buckling strength of shellsis defined as:

f (3.2.1)

where
P fy |:GaD.Sd + Omosd , Ohosd TSd:| 3.2.2)
G fEa fEm fEh fE:
isd = (3.2.3)

\/(Ua,sd +O0msd )2 —(O'a,sd +O0msd )Uh,sd +0'h,sd2 +3rgy°

0
() = .
o {_Gh,&i if 6,4 <0, ext.net pressure

Casa = designaxial stressin the shell due to axial forces
(tension positive), see eq. (2.2.2)

Omsd = design bending stressin the shell due to global
bending moment (tension positive), see eq. (2.2.3).

Onhse = designcircumferentia stressin the shell dueto
external pressure (tension positive), see eq (2.2.8),
(2.2.9), or (2.2.14). For ring stiffened cylinders
shall only stresses midway between rings be used.

Tsd = design shear stressin the shell due to torsional
moments and shear force, see eq. (2.2.5).

fea fEms fen @nd fg; are the elastic buckling strengths of
curved panels or circular cylindrical shells subjected to axial
compression forces, globa bending moments, lateral
pressure, and torsional moments and/or shear forces
respectively, where:

elastic buckling strength for axial force.
elastic buckling strength for bending moment.

fen = é€ladtic buckling strength for hydrostatic pressure,
lateral pressure and circumferential compression.

fer = dastic buckling strength for torsion and shear
force.

These may be calculated in accordance with Section 3.3 to

3.7 taking the appropriate buckling coefficients into account.

3.3 Elastic buckling strength of unstiffened curved
panels

3.3.1 General

This section deals with buckling of shell plate between
stiffeners.

The buckling mode to be checked is:
a) Shell buckling, see Section 3.3.2.

3.3.2 Shell buckling

The characteristic buckling strength is calculated from
Section 3.2.

The elastic buckling strength of curved panels with aspect
ratio //s> 1 isgiven by:

DET NORSKE VERITAS
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. PSP 3.3.1) The reduced buckling coefficient may be calculated as:
gl
12(1-v2)\s 2 3.4.2)
A curved panel with aspect ratio //s< 1 may be considered as C=y 1+(pé)
an ungtiffened circular cylindrical shell with length equal to v
[, see Section 3.4.2. Thevaluesfor y, £ and p are given in Table 3.4-1 for the
The reduced buckling coefficient may be calculated as: most important |oad cases.
The curvature parameter Z is defined as:
Y (3.3.2)
C=y, |1+ [} 2
\/ / 3.4.3)
v Z, = 741- v?
r
The valuesfor y, £ and p are givenin Table 3.3-1 for the
most important load cases. For long cylinders the solutions in Table 3.4-1 will be
pessimistic. Alternative solutions are:
Table 3.3-1 Buckling coefficient for unstiffened .
curved panels, mode a) Shell buckling  Torsionand shear force
\ € p If L 3,85 \F then the elastic buckling strength may be
r t
Axial stress 4 0.702 Z, od1s 0% calculated as:
5( +M)
Shear stress 2
s s 3/2 3.4.9)
5-34+4(1) 0-856(; z* 06 e, = o,255(1)
p
Circumferential 272 s
compression |:1+ (S) :| 1-04;\/2 0.6 e Lateral/hydrostatic pressure
/
If 7 205 |7 then the elastic buckling strength may be
. . ) ro Nt
The curvature parameter Z; is defined as: calculated as:
2 3.33
z.=2 1.2 (3-33) (3.4.5)

S

rt

3.4 Elastic buckling strength of unstiffened
circular cylinders

3.4.1 General

The buckling modes to be checked are:

a) Shell buckling, see Section 3.4.2.
b) Column buckling, see Section 3.8.

3.4.2 Shell buckling

The characteristic buckling strength of unstiffened circular
cylindersis calculated from Section 3.2. The elastic buckling
strength of an unstiffened circular cylindrical shell is given
by:

(3.4.1)

7:2E t 2
fe=C 57
12(1-v4)\!

t 2
fen = 0,25E(—]
r

Table 3.4-1 Buckling coefficients for unstiffened
cylindrical shells, mode a) Shell buckling
v g P
Axial stress 1 0.702Z, 5( r )’“
05 1+——
150t
. —05
Bending 1 0.702Z, 05(1+ r )
300t
Torsion and 534 0.856 zf’ 4 0.6
shear force
Latera 4 1.04./Z 0.6
pressure? Vz
Hydrostatic 2 1.04./7 0.6
pressure?) 1z,

NOTE 1: Lateral pressureis used when the capped end axial force due to
hydrostatic pressure is not included in the axial force.

NOTE 2:Hydrostatic pressure is used when the capped end axial force due
to hydrostatic pressureisincluded in the axial force.
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3.5 Ri tiffened shell
ing stiffened shells "x,Sd“(1+“A)ro4 (3.5.5)

3.5.1 General X~ s00E/
The buckling modes to be checked are:

where
a) Shell buckling, see Section 3.4.2.
b) Panel ring buckling, see Section 3.5.2. (3.5.6)
€) Column buckling, see Section 3.8. %a Tt

A = crosssectional area of alongitudinal stiffener.

3.5.2 Panel ring buckling

The rings will normally be proportioned to avoid the panel
ring buckling mode. Thisis ensured if the following
requirements are satisfied.

3.5.2.1 Cross sectional area.

The cross sectional area of aring frame (exclusive of
effective shell plate flange) should not be less than Areg,
which is defined by:

2 (3.5.1)
AM2[2+0%}
Zl

3.5.2.2 Moment of inertia

The effective moment of inertia of aring frame (inclusive
effective shell plate flange) should not be less than Ik, which
is defined by:

IR=|X+IXh+|h (3.5.2)

Iy, Ixn @nd 1, are defined in eq.(3.5.5), (3.5.7) and (3.5.8), (see
also Sec. 3.5.2.7), the effective width of the shell plate flange
is defined in Sec. 3.5.2.3.

3.5.2.3 Effective width

The effective width of the shell plating to be included in the
actual moment of inertia of aring frame shall be taken as the
smaller of:

; 156Vrt (3.5.3)
=
1+12%
r
and
I, =1 (3.5.4)

3.5.2.4 Calculation of I,

The moment of inertia of ring frames inclusive effective
width of shell platein acylindrical shell subjected to axial
compression and/or bending should not be lessthan I, which
is defined by:

3.5.2.5 Calculation of Iy,

The moment of inertia of ring frames inclusive effective
width of shell platein acylindrical shell subjected to torsion
and/or shear should not be less than I, which is defined by:

T 8/5 I /5
Iy =| -2 O Lty

3.5.2.6 Simplified calculation of I, for external pressure

The moment of inertia of ring frames inclusive effective
width of shell platein acylindrical shell subjected to external
lateral pressure should not be less than Iy, whichis
conservatively defined by:

(3.5.7)

2
rrg !
|h=|de| 0|15, 3B
- roz(fr_|O-hRSd|J
2 )
(3.5.8)
and
fi >0
5 hR,Sd

The characteristic material resistance, f,, shall be taken as:

e For fabricated ring frames:
fr = fT

e For cold-formed ring frames:
f,— = ng'r

Thetorsional buckling strength, f+, may be taken equal to the
yield strength, f,, if the following requirements are satisfied:

e Flat bar ring frames:

y

(3.5.9)
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e Flanged ring frames (e = O, for & # 0 see section 3.10): (3.5.16)

h 31.35tW\F (3.5.10)
fy
b 7h 3.5.11)
10+ Eh
f,r

Otherwise f+ may be obtained from section 3.9.

z.isdefined in Figure 1.2-1. For o,r 54 See section 2.2.5 and
for pgy See section 2.1.

The assumed mode of deformation of the ring frame
corresponds to ovalization, and the initial out-of-roundnessis
defined by:

W = J, c0s26 (3.5.12)

5, = 0.005r (3.5.13)

Alternatively the capacity of the ring frame may be assessed
from 3.5.2.7.

3.5.2.7 Refined calculation of I, for external pressure

If aring stiffened cylinder, or a part of aring stiffened
cylinder, is effectively supported at the ends, the following
procedure may be used to calculate required moment of
inertialy,. For design it might be recommended to start with
equation (3.5.8) to arrive at an initial geometry. (The reason
isthat I, isimplicit in the present procedure in equations
(3.5.23) and (3.5.27)).

When aring stiffened cylinder is subjected to external
pressure the ring stiffeners should satisfy:

Ar
g U 1+le.7 (3.5.14)
|psa| < 0.75—K-

™ rz(l— V)
2

where

Psy = design external pressure

t = shell thickness

re = radius of the shell measured to the ring flange, see
Figure 1.2-1.

r = shell radius

lo = smallerof 1.56rt and/

Ar = crosssectional areaof ring stiffener (exclusive

shell flange)
fx isthe characteristic buckling strength found from:

fk 1+p +i2— (1+ n +X2J2—4i2

f, 22

(3.5.15)

where

i
fe
The values for the parameters f,, fg and i may be taken as:

The characteristic material strength, f,, may be taken equal to
the yield strength, f,, if the following requirements are
satisfied:

e Flat bar ring frames:

y

e Flanged ring frames (& = O, for & # 0 see section 3.10):

h£1.35tw\/E
fy
be__ N
/10+ED
f,r

Otherwise f, should be set to f+. f may be obtained from
section 3.9.

(3.5.17)

(3.5.18)

(3.5.19)

72E (tY (3.5.20)
fe=C t
12(1-v?) [L J
where

. 2+ ag) 0277 _ag (3.5.21)

17 1+a ’ \/M'TB 1+ ug
’ 3.5.22
ZL :Li 1_V2 ( )

rt
o 12021, (3.5.23)
° I3
A 3.5.24
a=_R ( )
It

_ 29 s 1_& 1 (3.5.25)

i2 rlo” G (v

2
8, = 0.005r (3.5.26)
i2 = In (3.5.27)

" AR+t
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Z = distance from outer edge of ring flange to centroid 3.6 Longitudinally stiffened shells

of dtiffener inclusive effective shell plating, see

Figure 1.2-1. 3.6.1 General

C,=2/1+027Z, (3.5.28) Lightly stiffened shells where S 3\F will behave basically
t t

L = distance between effective supports of the ring as an unstiffened shell and shall be calculated as an

stiffened cylinder. Effective supports may be:

e End closures, see Figure 3.5-1a.
e Bulkheads, see Figure 3.5-1b.
e Heavy ring frames, see Figure 3.5-1c.

The moment of inertia of a heavy ring frame has to comply
with the requirement given in section 3.5.2.2 with I, I, and
I defined in eg. (3.5.5), (3.5.7) and (3.5.8) and with /
substituted by Ly, which is defined in Figure 3.5-1d.

0.4H 0.4H

a
L
L L L L L L
T T T T T T T
b.
L
I I 1 1 1 I
r I 1 v = T =
C
Ly=(L; +Ly)/2
[ t t t© [ [ [ ¢
e T ¢ ¢ ¢ T ¢ T ¢
| L | L
d.

Figure 3.5-1 Definition of parameters L and Ly

unstiffened shell according to the requirementsin Section
3.3.2.

Shells with a greater number of stiffeners such that

gt <34/t may be designed according to the requirements

given below or as an equivalent flat plate taking into account
the design transverse stress, normally equal to psy t/t.

The buckling modes to be checked are:

a) Shell buckling, see Section 3.6.2
b) Panel stiffener buckling, see Section 3.6.3
€) Column buckling, see Section 3.8.

3.6.2 Shell buckling

The characteristic buckling strength is found from Section
3.2 and the elastic buckling strengths are givenin 3.3.2.

3.6.3 Panel stiffener buckling

3.6.3.1 General

The characteristic buckling strength is found from Section
3.2. It is necessary to base the strength assessment on
effective shell area. The axial stress 6,54 and bending stress
Omsd are per effective shell width, s, is calculated from
3.6.3.3.

Torsional buckling of longitudinal stiffeners may be
excluded as a possible failure mode if the following
requirements are fulfilled:

e Flat bar longitudinal stiffeners:

h<oat, f G610
fy
e Flanged longitudinal stiffeners:
A1 <06 (3.6.2)

If the above requirements are not fulfilled for the
longitudinal stiffeners, an alternative design procedureisto
replace the yield strength, f,, with the torsional buckling
strength, 1, in all equations.

A7 and fr may be found in section 3.9.
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3.6.3.2 Elastic buckling strength

The elastic buckling strength of longitudinally stiffened
cylindrical shellsis given by:

2 3.6.3
teme T (Y (63
12(1-v2) !

The reduced buckling coefficient may be calculated as:

c-vi (%]

Thevaluesfor y, £ and p are given in Table 3.6-1 for the
most important load cases.

(3.6.4)

Table 3.6-1 Buckling coefficients for stiffened
cylindrical shells, mode b) Panel stiffener

buckling
v g P

Axial stress 1+ ac 0.702Z, 05

1+ A

St

Torsion and e v 0.856 0.6
shear stress 5.34+ 132(;) uc
Lateral e 0.6
Pressure 2(1+ l+ac ) 1042,

where
2
7 - LS 3.6.5)
rt
. 12(1_ Vz)lsef (3.6.6)
¢ st
A = areaof one stiffener, exclusive shell plate
l«t = moment of inertia of longitudinal stiffener

including effective shell width s., see eq. (3.6.7).

3.6.3.3 Effective shell width
The effective shell width, s, may be calculated from:

3.6.7
Se _ fks ‘GXde‘ ( )
S O'J-,Sd fy
where:
fs = characteristic buckling strength from Section 3.3.2
/3.4.2.
Ojs« = designequivaent von Mises stress, see eg. (3.2.3).

Oysd = design membrane stress from axial force and
bending moment, see eg. (2.2.1)
fy = yield strength

3.7 Orthogonally stiffened shells

3.7.1 General
The buckling modes to be checked are:

a) Shell buckling (unstiffened curved panels), see Sec.
372

b) Panel stiffener buckling, see Sec. 3.6.

¢) Panel ring buckling, see Sec. 3.7.3

d) General buckling, see Sec. 3.7.4

€) Column buckling, see Sec. 3.8

3.7.2 Shell buckling

The characteristic buckling strength is found from
Section 3.2 and the elastic buckling strengths are given in
Section 3.3.2.

3.7.3 Panel ring buckling
Conservative strength assessment following Section 3.5.2.

3.7.4 General buckling

The rings will normally be proportioned to avoid the general
buckling mode. Applicable criteria are given in Section 3.5.

3.8 Column buckling

3.8.1 Stability requirement
The column buckling strength should be assessed if

2 3.8.1)
kLic 2215£
ic y
where
k = effectivelength factor
Lc = tota cylinder length
ic = 4lc/Ac =radiusof gyration of cylinder section
lc = moment of inertia of the complete cylinder section
(about weakest axis), including longitudinal
stiffenerg/internal bulkheads if any.
Ac = crosssectional area of complete cylinder section;
including longitudinal stiffeners/internal bulkheads
if any.

The stability requirement for a shell-column subjected to
axial compression, bending, circumferential compression is
given by:
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5 5105 22 (3.8.10)
= -1
o o o feafen nse
osd, 1 m1,Sd m2,Sd <1 3.8.2)
f f o
ked 'akd||, %0sd ||, ©e0.sd £202 (3.8.11)
feq feo C:(fﬁsd"' y Oh,sd _fyz
fén
where ¢ f. (3.8.12)
akd —
Cxnss = designaxial compression stress, see eq. (3.2.4) Twm
Omsd = mgxi mum design bending stress about given Onsd = design circumferential membrane stress, see eq.
axis, see €q. (2'2'3?) . (2.2.8) or (2.2.9), tension positive.
faxd = designlocal buckling strength, see Section 3.8.2 f = yield strength
fred = design column buckling strength, see eq. (3.8.4) y _ ol f ' 313
feufe, = Euler buckling strength found fromeq (3.8.3); /M, - Material factor, seeeq, (3.1.8).
ELTE2 9 ) & few fen=  elastic buckling strengths, see Section 3.4.
“2E'c ; (3.8.3)
feg= : =12
(Kite JZAC 3.9 Torsional buckling
The torsional buckling strength may be found from:
fre (3.84) _
frg =—7 e if A, <06:
M
vyv = material factor, see eq. (3.1.3) f (3.9.1)
fie = characteristic column buckling strength, see eqg. T =10 e
(3.8.5) or (3.8.6). fy
3.8.2 Column buckling strength B
The characteristic buckling strength, fee, for column buckling ~ ® If A >0.6:
may be defined as:
— - - 3.9.2)
_ _ o ltp+al —y[Lrp+a2)’ —42 (
f. =[L0-028%°]f, forZ <134 (3.8.5) b p k2 =y (27; 7) -4
y T
i =99 for 1 >1.34 (38.6)  where:
V&
where u=035(%, -06) (3.9.3)
— f
— 3.9.4
_ fi:kl_ic\/g (3.8.7) he= 2 (3.9-4)
fe migVE ET
In the general case eq. (3.1.1) shall be satisfied. Hence f 4 _
may be determined (by iteration of equations (3.1.1) to Generally fer may be found from:
(3.2.6)) as maximum allowable 6.0 sq (Gas1) Where the actual
design values for 6, sy, Onh s @nd tsq have been applied. ) Ehgl , 3.9.5)

For the special case when the shell is an unstiffened shell the
following method may be used to calculate f.

(3.8.8)

_ b++/b? —4ac

f
x 2a

2 3.8.9
fy 3.8.9)

fer =Bﬂ+ﬂ

2
l po IpolT

For L and T stiffenersfET may, when egs. (3.10.4) and
(3.10.5) are satisfied, be found from:

(3.9.6)
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3.9.7 3
|, == A b + e G2 c=2|L|ja=w
12 1+i S tw
AW
e forring frames
For flat bar ring stiffeners fET may be found from: 3
hit
-] @
t=|pro2n|c(tu 2 398 oA
er =|B+0. ? F and
G (3.9.11)

For flat bar longitudinal stiffeners fer may be found from:
2 2 3.9.9)
h t
fer =B+ — | |G| X
AR K3

1.0,

or may alternatively be calculated as per eqg.
(3.9.10)

cross sectional area of flange

cross sectional area of web

shear modulus

g
1

>
=
inomon

Jrsz

polar moment of inertia= wherer is

measured from the connection between the

gtiffener and the plate

Iy = dtiffener torsional moment of inertia (St. Venant
torsion)

I, = moment of inertia about centroid axis of stiffener
normal to the plane of the plate

I = for ring stiffeners:

distance (arc length) between tripping brackets.

IT need not be taken greater than 7 Vrh for the
analysis;

for longitudinal stiffeners:

distance between ring frames

flange width

flange eccentricity, see Figure 1.2-1

web height

distance from stiffener toe (connection between
gtiffener and plate) to the shear centre of the
stiffener

shell thickness

thickness of flange

thickness of web

>SoOQ O
nononn

"

t
tw

3C+02
C+0.2

B (3.9.10)

where:
e forlongitudinal stiffeners

0j,s¢ may be found from eq. (3.2.3) and f,s may be calcul ated
from eg. (3.2.1) using the elastic buckling strengths from
Sections 3.3.2 or 3.4.2.

Ring framesin acylindrical shell whichis not designed for
external lateral pressure shall be so proportioned that the

reduced slenderness with respect to torsional buckling, At,
is not greater than 0.6.

3.10 Local buckling of longitudinal stiffeners and
ring stiffeners

3.10.1 Ring stiffeners

The geometric proportions of ring stiffeners should comply
with the requirements given below (see Figure 1.2-1 for
definitions):

e Flat bar ring frames:

h <oa, \F
fy

e Flanged ring frames:

h S1.35tw\/fE
y

If the requirementsin egs. (3.10.1) and (3.10.2) are not
satisfied, the characteristic material resistance f, shall be
taken as fr (where f is calculated in accordance with Section

(3.10.1)

(3.10.2)

3.9).
E (3.10.3)
b; <04t; |—
fy
where:
b = flange outstand
(3.10.4)

£<3 rALE
ty  3VhAHf,
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e _1n A, (3.10.5)

t, 3hA,

w

3.10.2 Longitudinal stiffeners

The geometric proportions of longitudinal stiffeners should
comply with the requirements given below (see Figure 1.2-1
for definitions):

e FHat bar longitudinal stiffeners:

E (3.10.6)
h <04t |—
fy

e Flanged longitudina stiffeners:

3.10.7
h<135t,, /fE (3.10.7)
y

If the requirementsin egs. (3.10.6) and (3.10.7) are not
satisfied, the characteristic material resistance f, shall be
taken as f; (where f; is calculated in accordance with Section
3.9).

3.10.8
h<1.35t,, fE ( )

y

E (3.10.9)
b, <0.4t, =
y
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Oysd = design membrane stress in the longitudinal
4. Unstiffened Conical Shells direction

Chsd = design membrane stress in the circumferential
4.1 Introduction direction
This chapter treats the buckling of unstiffened conical shells, ~ Tsd = design shear stresstangential to the shell surface
see Figure 4.1-1. (in sections x = constant and 6 = constant)
Buckling of conical shellsistreated like buckling of an The loading condition and axes are similar as defined for
equivalent circular cylindrical shell. cylindrical shellsin Figure 1.1-1.

Ngy 4.2.2 Longitudinal membrane stress
If simple beam theory is applicable, the longitudinal
membrane stress may be taken as:
Oysd = Oasy T O “4.2.1)

-

! o " |

|
4 2
|

Figure 4.1-1 Conical shell (force and pressure shown is
negative)

4.2 Stresses in conical shells

4.2.1 General

The loading condition governing the stresses in a truncated
conical shell, Figure 4.1-1, is normally defined by the
following quantities:

Ny = design overall axial force exclusive of end
pressure

Misgs = designoverall bending moment acting about
principal axis 1

M,ss = design overall bending moment acting about
principal axis 2

Ty = design overal torsional moment

Quss = designoverall shear force acting parallel to
principal axis 1

Q.s« = design overall shear force acting parallel to
principal axis 2

Psq = design lateral pressure

Any of the above quantities may be a function of the co-
ordinate x along the shell generator. In addition psy may be a
function of the circumferential co-ordinate 8, measured from
axis 1. pgy is dwaysto be taken as the difference between
internal and external pressures, i.e. pg IS taken positive
outwards.

The membrane stresses at an arbitrary point of the shell
plating, due to any or al of the above seven actions, are
completely defined by the following three stress components:

where 6,54 is due to uniform axial compression and 6 sq IS
due to bending.

For a conical shell without stiffeners along the generator:

Pssr . Ng 4.2.2)
Opgy = ——+
o2t 27ty
o= M50 g Mass o (4.2.3)

2
Trotg oty

where

t. =tcosa

4.2.3 Circumferential membrane stress
The circumferential membrane stress may be taken as:

Psq 4.2.4)
te

Ohsd =
where

t. =tcosa

4.2.4 Shear stress

If simple beam theory is applicable, the membrane shear
stress may be taken as:

TSd = TT,Sd + TQ,Sd (4'2‘5)

where tr g is due to the torsional moment and tq,s4 is due to
the overall shear forces.

(4.2.6)
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0 4.2.7)

sing

Tosd =————C00 +
Qs wrt

where the signs of the torsional moment and the shear forces
must be reflected.

4.3 Shell buckling

4.3.1 Buckling strength

The characteristic buckling strength of a conical shell may be
determined according to the procedure given for unstiffened
cylindrical shells, Section 3.4.

The elastic buckling strength of a conical shell may be taken
equal to the elastic buckling resistance of an equivalent
ungtiffened cylindrical shell defined by:

r+r, (4.3.1)
2cosa
/= / 4.3.2)
¢ cosa

The buckling strength of conical shells hasto comply with
the requirements given in Section 3.4 for cylindrical shells.
In lieu of more accurate analyses, the requirements are to be
satisfied at any point of the conical shell, based on a
membrane stress distribution according to Section 4.2.
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