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Types of shell analysis in EN1999-1-5

Membrane theory analysis | An analysis of a shell structure under distributed loads assuming a set of

(MTA) membrane forces that satisfy equilibrium with the external loads.
Linear elastic analysis An analysis on the basis of the small deflection linear elastic shell bending
(LA) theory assuming perfect geometry.
Linear elastic bifurcation An analysis that calculates the linear elastic bifurcation eigenvalue on the basis
(eigenvalue) analysis of small deflections using the linear elastic shell bending theory, assuming
(LBA) perfect geometry. Note that eigenvalue in this context does not refer to
vibration modes.
Geometrically non-linear An analysis on the basis of the shell bending theory assuming perfect
analysis (GNA) geometry, considering non-linear large deflection theory and linear elastic
: material properties.
\ Materially non-linear An analysis equal to (LA), however, considering non-linear material
!‘| analysis (MNA) properties. For welded structure the material in the heat-affected zone should
‘ be modelled.
k Geometrically and An analysis applying the shell bending theory assuming perfect geometry.
w‘, materially non-linear considering non-linear large deflection theory and non-linear material
| analysis (GMNA) properties. For welded structure the material in the heat-affected zone should
be modelled.
Geometrically non-linear An analysis equal to (GNA). however, considering an imperfect geometry.

elastic analysis with
imperfections included
(GNIA)Y

Geometrically and An analysis equal to (GMNA), however, considering an imperfect geometry.
materially non-linear
analysis with imperfections
included (GMNIA)

1) This type of analyses is not covered in this standard, however. listed here for the purpose of having a complete
presentation of types of shell analysis.
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Specific issues for aluminium alloy shells in EN1999-1-5

/ /
7 7
H P
A ) - W ] 2 g
A r'y A 4 »
. . 7
FSW ° v z .
) o 7| | |
. / 7
Va '. ' . Elevation
: - - 7 b
= v | o
7« P Z % -
(@) % Plan
a
N _ _ ; Isotropic lap-jointed externally axially circumferentially
Key: w = weld, FSW = friction stir welding (unstiffened) stiffened corrugated corrugated
\‘ g
g \/
| I
I £
A A 7
I ]
7
I q 5
2
I 4
[




cUrocobes EN 1999 - Eurocode 9: Design of aluminium structures 2
Part 1.5 - Shell structures (A. Mandara) :

Brussels, 18-20 February 2008 — Dissemination of information workshop

Background activity - Main investigated aspects

* shell plastic buckling

 |iImperfection sensitivity analysis of aluminium cylinders;
e set-up of buckling curves for aluminium shells;

o definition of imperfection classes for plastic buckling;

e interaction between load cases;

* introduction of additional shell configurations;

o stiffened shells
 Imperfection sensitivity analysis of stiffened cylinders;
o validation of EN1993-1-6 procedures and harmonization with
EN1999 rules;
o effect of welding effect (HAZ zones)
f  Imperfection sensitivity analysis of welded cylinders;
| « definition of simplified design procedures;
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Parametric analysis:

At R [m]| ¢ [mon] (L ]| Z/R ) ]
Cylinders nnder axkil Compression Shell geometrical data and material
200 1000 5 2000 2
100 1000 10 2000 2 features
50 1000 20 2000 2
25 1000 £ 3000 2 Juz [MPa] | #go,
123 1000 &0 2000 2 Strong harderung alloys 100 10
Cylinders under external pressure Weak harderung aﬂg}*g 200 20
200 1000 5 4000 4 (Heat-treated alloys) 300 30
100 1000 10 4000 4
50 1000 20 4000 4 Mechanical features of alloys under consideration.
200 1000 5 2000 2
100 1000 10 2000 2
““ 5 1000 20 2000 2
I 200 1000 5 1000 i
| 100 1000 10 1000 | '
f‘ 50 1000 20 1000 1
s/, Cylinders under torsion
| 200 1000 ] 4000 4
100 1000 10 4000 4
S0 1000 20 4000 4
200 1000 5 2000 2
100 1000 10 2000 2
50 1000 20 2000 2

Geometric data of analysed cylinders (R
mean radiug, £ wall thickness,

L overall length) The ABAQUS model
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Deflected shapes at buckling (cylinders under uniform
external pressure)
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Imperfection sensitivity curves (axially loaded cylinders)

114 . .
| Py /Per Cylinders under axial load

Imperfection Sensitivity Curves

CLASS A CLASS B CLASS C

- ° \
5 ;

¢ 4
%_
\ 0,4 - — ~ f ——e
' Rt=200 R=1000mm t=5mm ¢

{ fo, = 200 N/mm?

7024 |Pewm =5293.38 KN
Oerth = 168.49 N/mm? W/t
| 10,0 : | : : : ,

j 0,0 0,2 0.4 0.6 08 1.0 1.2
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Imperfection sensitivity curves (cylinders under external pressure)

10 T .
« Pu/Perin Cylinders ur_1der exte_r_na_tl pressure
‘ Imperfection sensitivity curve

L=1000 mm R=1000 mm t=10 mm
R/t =100 L/R=1

fo,= 100 N/mm® n=9
Perin = 0.620 N/mm?

._\*.-

0,4 + Class A Class B Class C
\* L = 1000 mm R= 1000 mm t=10 mm
" 0,2 + |RA=100 L/R=1
; fo, = 100 N/mm? n=8
P, 1= 0.610 N/mm? W/t
0,0 — | | |

' j 0,0 0,2 0,4 0,6 0,8 1,0
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Class A Class B Class C

0.4 + —<- Longitudinal Imperfection
—e— Helical Imperfection

R/it=200 L/R=2 t=5mm
f1,=200 N/mm?

Tern = 49.358 N/mm”

02 + Cylinders under torsion
Imperfection sensitivity curve

W/t
0,0 | | | | |

0,0 0,2 0,4 0,6 0,8 1,0
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Semi-probabilistic interpretation of buckling data
(axially loaded cylinders) - Weibull’s law

1.00
P(x) Cylinders under axial load
Weak hardening alloys
0.80 - - R/t = 100-
0.60 - fo, = 200 N/mm?
\
| —Class A
ﬂ - = Class B
1‘ 0.40 — Class C
jL; —— Weibull Curve A
277 [ I O Weibull Curve B
0.20 —-—-Weibull Curve C
\’,_ ----5% Percentile Value
0.00 — ~
0.00 0.20 0.40 1.00
dP (x 1
P ( X ) = ( ) o 1/ a
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Semi-probabilistic interpretation of buckling data
(axially loaded cylinders) - Weibull’s law

1.00 |
P(x) |Cylinders under axial load
Weak hardening alloys
0.80 - - R/t = 200-
D 060 for = 200 N/mm?
’ii.i;{ —Class A
\ - - Class B
| 0.40 — Class C g
;‘ —— Weibull Curve A 7
N N Weibull Curve B L7
~---Weibull Curve C yau
\ 0.20 ----5% Percentile Value ’
| X
0.00 e . . .
0.00 0.20 0.40 0.60 0.80 1.00
dP (X 1 1 /a-1), —(x/p)'e
p(x) = ) _ T x e e ey
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Background activity - Main investigated aspects

* shell plastic buckling

e Imperfection sensitivity analysis of aluminium cylinders;
 |set-up of buckling curves for aluminium shells;
o definition of imperfection classes for plastic buckling;
e interaction between load cases;
* introduction of additional shell configurations;

o stiffened shells
 Imperfection sensitivity analysis of stiffened cylinders;
o validation of EN1993-1-6 procedures and harmonization with
EN1999 rules;
o effect of welding effect (HAZ zones)
f  Imperfection sensitivity analysis of welded cylinders;
| « definition of simplified design procedures;
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Shell buckling — EC3 formulation

y=1 A< 4,

A—-A
y=1-p 0 S A, <A< A
Ay = A " ;

(04
Z:?C} lpfﬁ

A= |
Gch
P o
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Shell buckling — fabrication tolerance classes in EC3

t P
/ o .
i_r l‘. ‘70,-?? d . ‘1‘
A min__ )
¢ Wox I ~ >
\ 3 /
fgx \ T}E
N 4
_1 L/"
b a) flattening
\ [J = dmax _ﬂ?min Wy <U PN W, < U Omaxg gx
S d / - 0 max t - t
L nom gx
U, ax Dimple tolerance parameter

/ ax = 4~/Rt Gauge length

EN 1999 - Eurocode 9: Design of aluminium structures &=
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b) unsymmetrical shape

Fabrication
tolerance .
. Description
quality
class

Class A Excellent
Class B High
Class C Normal
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Expressions of buckling factors according to EC3

External pressure

Axial (meridional) load and torsion (shear)

Ao 0.20 0.40
B 0.60 0.60
1.00 1.00
o External pres-
Fabrication sure (o) and
tolerance e Axial (meridional) load S
. Description torsion (shear)
quality ()
| class ok
Q 0oLy Ol OF 0L
Class A Excellent | 40 0.62 0,75
Class B High 25 | Oy = ( ,—).44 0,65
Class C Normal |16 I+ 1911/ Qvr/t 0,50
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Comparison of EC3 buckling curves with simulation data

Y o ® Minimum Value
¢ Medium Value
H
- 1.00 A EC3 Curve A Maximum Value
A O 5%Percentile Value
‘ 0.80 ® Experimental Value
: . N
A
0.60 4 Modified
EC3 Curve
0.40 -
| Cylinders under axial load 3
0.20 7' "Weak hardening alloys \
Quality Class C A
- 0.00 :
' 0.00 0.50 1.00 1.50 2.00



-EUROCODES EN 1999 - Eurocode 9: Design of aluminium structures
Part 1.5 - Shell structures (A. Mandara) &

Brussels, 18-20 February 2008 — Dissemination of information workshop

Comparison of EC3 buckling curves with simulation data
1.2

v Cylinders under external pressure = | /R=2 R/T=200
Strong hardening alloys ¢ L/R=2 R/T=100

1.0 . 1
| N Quality class A A L/R=2 R/T=50

EC3 Curve O L/R=1 R/T=200 |

0.8
\ <>\ / 0 L/R=1 R/T=100
o L/R=1 R/T=50
0.6 X L/IR=4 R/T=200 |
\\‘\1\ % L/R=4 R/T=100
0.4 Modified + L/R=4 R/T=50 |
EC3 Curve

0.2 -

0.0 : : :
0.0 1.0 2.0 3.0 4.0 5.0
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w Comparison of EC3 buckling curves with simulation data
1.2 | | |

X _ _ WL/R=2 R/T=200 Imp. 1
Cylinders under torsion
\ C Weak hardening alloys ¢ L/R=2 RIT=200 Imp. 2 -
\A+ Quality class C AL/R=2 R/T=100 Imp. 1
OL/R=2 R/T=100 Imp. 2 -
A
5 OL/R=2 R/T=50 Imp. 1
0.6 > AL/R=2 R/T=50 Imp.2 |
X L/R=4 R/T=200 Imp. 2
0.4 ] X L/R=4 R/T=100 Imp.2 =
| +L/R=4 R/T=50 Imp. 2
0.2 -
\ EC3 Curve
| — A
0.0 ! ! ! !
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
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Shell buckling - proposal for pr1999-1-5

Zx = ay perf f
1 A=

Zer —
pert ¢+/¢2_/12

$=051+a,(4-1,)+ 4]

Alloy Axial (meridional) load External pressure Shear (torsion)
Ao Olo Ao Olo Ao Olo
Weak hardening alloys 0.2 0.35 0.3 0.55 0.5 0.3
Strong hardening alloys 0.1 0.2 0.2 0.7 0.4 0.4
\ | Fabrication Axial (meridional) load External pressure (ag) and torsion (a.)
tolerance —
. Description
quality Q Olx O ref g OF oLq
class
Class A Excellent |40 0.62 0,75 1
Class B High [25] &x = 2 0,65 %o =T ~ 5 2
Class C Normal |16 1+1°91(1/Q“/t) 0,50 1+0,2(1 O“Gf)(x M)/are“
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Buckling curves - proposal for EC9

L
) o
K>
L 3 2
XO o>
b
>

Cylinders under axial load
Weak hardening alloys
Quality Class A

® Minimum Value
¢ Medium Value
A Maximum Value

X 5% Percentile Value

1.50

2.00
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Buckling curves - proposal for EC9

1.20 |
X, : OL/R=2 R/T=200
Cylinders under ex.ternal pressure o L/R=2 RIT=100
1.00 Weak hardening alloys AL/R=2 RIT=50 |
Quality class A ® L/R=1 R/T=200
W L/R=1 R/T=100
0.80 ®L/R=1R/T=50
X L/R=4 R/T=200
X L/R=4 R/T=100
0.60 \, +L/R=4 R/T=50
0.40 -
A
\,
| 0.20 - T
0.00 | | =t

0.00 1.00 2.00 3.00 4.00 5.00 6.00
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Buckling curves - proposal for EC9

1.20 ‘

X Cylinders under torsion W L/R=2 R/T=200
1.00 Weak hardening alloys ¢ L/R=2 R/T=200 |

S Quality class B A L/R=2 R/T=100

\ - OL/R=2 RIT=100
 0.80 OL/R=2 RIT=50 |

AL/R=2 RIT=50

X L/R=4 RIT=200
0.60 X X L/R=4 R/IT=100
+L/R=4 RIT=50

o»

0.40 y

. 0.20 -

0.00 I I
0.00 1.00 2.00 3.00 4.00 5.00
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Background activity - Main investigated aspects

* shell plastic buckling
e Imperfection sensitivity analysis of aluminium cylinders;
e set-up of buckling curves for aluminium shells;
 |definition of imperfection classes for plastic buckling;
e interaction between load cases;
* introduction of additional shell configurations;

o stiffened shells
 Imperfection sensitivity analysis of stiffened cylinders;
o validation of EN1993-1-6 procedures and harmonization with
EN1999 rules;
o effect of welding effect (HAZ zones)
f  Imperfection sensitivity analysis of welded cylinders;
| « definition of simplified design procedures;
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Exploitation of plastic buckling features
(axially loaded cylinders)

L 1,2

o \i_____ﬁ_‘_ Imperfection 1

0,6 -

R/t =50
f o, =200 N/mm? 4
04T P ot = 24806.01 kN
\} Gern = 197.40 N/mm?
fo2+

clamped ends
—————— hinged ends W/t

0,2 0,4 0,6 0,8 1,0

W/t
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Exploitation of plastic buckling features
(axially loaded cylinders)

e Tl R/t = 200 ——3-
; fo, = 100 N/mm? i 4
0.4 T1: Poh = 2694.32 kN |
| Gorn = 85.76 N/mm ? |
fo2+ clamped ends |
| N S B hinged ends i e

| l | ] |
I I I

0,2 0,4 0,6 0,8 1,0
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Exploitation of plastic buckling features (axially
loaded cylinders) — Imperfection limit wy*/t

0.30
0.27 -
| 0.24 -
1021
| 0.18 A
10.15 -
10.12 4o, =200 N/mm?

‘:\ 0.09 _\.
4006 T -

[ 0034 fy,=300N/mm?

Wo*/t HINGED ENDS

fo_z =100 N/mm2

R/t

50 100 150 200 250 300
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Exploitation of plastic buckling features (axially
loaded cylinders) — Imperfection limit w,*/t

L 0.10

W/t CLAMPED ENDS

. 0.08 -

| 0.06 -

fo,= 100 N/mm?

fo,=200 N/mm?
'0.04 -

4002 -

R/t

| ' 0.00 T T T T T
rF 0) 50 100 150 200 250 300
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EN 1999 - Eurocode 9: Design of aluminium structures &%
Part 1.5 - Shell structures (A. Mandara)

Exploitation of plastic buckling features (axially loaded cylinders)
Definition of quality Class A-plus in prEN-1999-1-5

Fabr:igll 3; tccl);zzance Description Value of Uy (fy, in N/mm?)
Clamped ends Hinged ends
Class A-plus Excellent L(2.25\/E + O.OIJEJ L(5\/I + 0.02\/EJ
fo, R t fy, R t
Class A Very high 0,006
Class B High 0,01
Class C Normal 0,016
Fabrication tolerance . Q
: Description | Clamped | Hinged Oly
\ quality class
ends ends
Class A-plus Excellent 60 50 0 - 1
Class A Very high 40 X | [06E 144
Class B High 25 1+ 2.60( (A=A )j
Class C Normal 16 0.2
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Exploitation of plastic buckling features (axially

‘ loaded cylinders) - Class A-plus buckling curves
- 1.20 ‘
® Minimum Value

¢ Medium Value

EC3
| 1.00 A Maximum Value I
O 5% Percentile Value
* 0.80

Proposed Hinged ends
EC9 Curve

0.60 -

Cylinders under axial load
‘ 020 4 | Strong hardening alloys

Quality Class A-plus \7\,

| ‘_ 0.00 0.50 1.00 1.50 2.00
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Shell buckling — summary of
EC9 formulation

Load cases
e axial compression
e external pressure
e torsion

EN 1999 - Eurocode 9: Design of aluminium structures &=
Part 1.5 - Shell structures (A. Mandara)

Unstiffened shells

Jo
Ox,Rd = ®xPx,wXx pert y
M1
Jo
O, Rd = %9 PO, w X8, pert y
M1
Jo

TRd = % Pr,w At perf \/*
S 3 M1

Stiffened shells
Ny Rk

Ny Rd = %n x X x, perf y
M1

Pn Rk
/M1

PnRd = %p 0 X0, perf
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Shell buckling — summary of EC9 formulation

1 o -
Aiperf — Y but y i.perf = 1.00 Ay = Jo
l;éf + Q{)IA — A;d O-.‘C?CI'
N 7o
| Ja = .
with: o o or
~|- = Eh a2 —
l,@”r = 0.}:}(1 + /Ur (ﬁ_r — A'f?'[}) + i ) ’;‘T ‘]{0
'\/grﬂl'
Material buckling class Axial (Ilgzgdlonal) External pressure Shear (torsion)
| }\lx,O Ux }\«6,0 Lo 7‘4,0 L
'| A (Weak hardening alloys) 0.2 0.35 0.3 0.55 0.5 0.3
‘| B (Strong hardening alloys) 0.1 0.2 0.2 0.7 0.4 0.4
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Shell buckling — fabrication tolerance classes according to EC9

Fabrication tolerance Diameter range
quality class d=05m 0.5m<d<125m 1.25m=>d
Class 4 0.010 0.005 + 0.0067(1.25 — d) 0.005
Class 3 0.014 0,007 +0.,0090(1.25 — d) 0.007
Class 2 0.020 0.010 + 0.0133(1.25 — d) 0.010
Class 1 0.030 0.015 +0.0200(1.25 — d) 0.015
Fabrication Axial (meridional) load External pressure (ag) and torsion (a.,)
tolerance
.| quality Q Oly Olref Qg OF QL
| class
Class 1 16 0,50
Class2 | 25 | o — 0.62 _[085] g, = 1
Class 3 40 1+1.91(1/QM)' 0,75 ’ 1+0,2(1—ocref )(k—ko)/afef
Class 4 50-60 -




cUrocobes EN 1999 - Eurocode 9: Design of aluminium structures 2
Part 1.5 - Shell structures (A. Mandara) :

Brussels, 18-20 February 2008 — Dissemination of information workshop

Background activity - Main investigated aspects

* shell plastic buckling
e Imperfection sensitivity analysis of aluminium cylinders;
e set-up of buckling curves for aluminium shells;
o definition of imperfection classes for plastic buckling;
e |interaction between load cases;
* introduction of additional shell configurations;

o stiffened shells
 Imperfection sensitivity analysis of stiffened cylinders;
o validation of EN1993-1-6 procedures and harmonization with
EN1999 rules;
o effect of welding effect (HAZ zones)
f  Imperfection sensitivity analysis of welded cylinders;
| « definition of simplified design procedures;
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Interaction between load cases

Interaction between load cases

e axial compression — external pressure
e axial compression —torsion

e external pressure —torsion

validation of EN1993-1-6 procedures
proposal for an alternative formulation
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Interaction between load cases
ENV1993-1-6 formulation

k k k
4] T
OxEd | OgEd TEd » .
(—j + | — + - < 1 if 0,4 and o4 are compressive,
OxRd OpRd TRd
k‘{ k'[
OxEd | TEd . : :
—_ — < 1 if ogpq 1S tensile or zero,
OxRd TRd
k[! k'r
OQEd TE( . : :
(—‘j + (—j < 1 if o4 1s tensile or zero.
OpRd TRd

ke =ko=|1,25] and Ak =]2.0
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Interaction between load case
ENV 1993-1-6 — Interaction domains

Axial compression and External pressure

1.2
Rit=200

iy
|
»
04 b = = %
\.
‘\
-»
| |
0k = A
\l
L J [ ]

0.2
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Interaction between load case
ENV 1993-1-6 — Interaction domains

Axial compression and Torsion

1.2
R/t=200
\ |l Tcr/Tu fo, = 200 N/ mimgq
> i 1
I.\h‘\
0.8 » e

0.2
\ GCI’/CSU
0
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Interaction between load case
ENV 1993-1-6 — Interaction domains

External pressure and Torsion

1.2
o |l Ri/t=200
‘ Tcr/ Ty fi.0=200 N /mmq
lw‘ K
| 3
[ |
0.8 i"‘*-

08 \.
AN

\ P./P,
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Background and Applications
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EN 1999 - Eurocode 9: Design of aluminium structures &=
Part 1.5 - Shell structures (A. Mandara)

Interaction between load cases
PrEN1993-1-6 formulation and proposal for prEN1999-1-5

— k,

prEN1993-1-6

k. k
OxEd ) * ) GoEd | °
OxRd OoRrd
k. =10+ x2
kg = 1.0 + x,2
k. =15+ 0.5y
k= (4 Xo)?

kt

OpEd . Tx6Ed
OpRrd Tx6Rd

ke =10+ y,°

ko = 1.0 + v,2

p = L Xo

k. =10+ %2

ki = (0 %)’

prEN1999-1-5

7AN
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Interaction between load cases
EN 1999-1-5 — Interaction domains

Axial compression and External pressure

R/t=200
foen = 100 N/ mmq

EC3

Class A

Class B

Class C

Class A

Class B

Class C

Proposal Class A
Proposal Class B
Proposal Class C

¢ > H ¢ > R

1.2
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Interaction between load cases
EN 1999-1-5 — Interaction domains

Axial compression and Torsion

Tcr/Tu fo.z = 200 N/ mmq
1 e -~

: B ClassA

A ClassB

0.8 ¢ ClassC

B ClassA

A ClassB

05 ¢ ClassC
Proposal Class A
Proposal Class B
Y Proposal Class C

Joz
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Interaction between load cases
EN 1999-1-5 — Interaction domains

External pressure and Torsion

R/t=100
fo,z =200 N/

EC3

m ClassA

A ClassB

¢ ClassC
Proposal Class A
Proposal Class B
Proposal Class C

P_/P

cr u

1.2
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Background and Applications
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Interaction buckling check according to EC9

k., kg k.
OxEd |~ N OpEd k OxEd || O6Ed . Tx6Ed < |
OxRd OgRrd "\OxRd OgRrd Tx6Rd
k. =10+ y2
kg = 1,0+ %5’
k. =15+ 0.5y72
ki = (Ot %o)”
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Background activity - Main investigated aspects

* shell plastic buckling
e Imperfection sensitivity analysis of aluminium cylinders;
e set-up of buckling curves for aluminium shells;
o definition of imperfection classes for plastic buckling;
e interaction between load cases;
* introduction of additional shell configurations;

o stiffened shells
* |imperfection sensitivity analysis of stiffened cylinders;
o validation of EN1993-1-6 procedures and harmonization with
EN1999 rules;
o effect of welding effect (HAZ zones)
f  Imperfection sensitivity analysis of welded cylinders;
| « definition of simplified design procedures;
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Parametric analysis — Stiffened shells

Stiffener Shell Stiffener
: : [mMm] [ [mm] | [mm] | [mm]
section geometry size
Circular radius 5 10 25 50
N\ Square R/t=50 side 5 10 25 50
R/t=100 5x20 | 10x20 | 25x20 | 50x20
Rectangular R/t=200 sides 5x10 | 10x10 | 25x10 | 50x10
5x5 10x5 25x5 50x5
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Background activity - Main investigated aspects

* shell plastic buckling
e Imperfection sensitivity analysis of aluminium cylinders;
e set-up of buckling curves for aluminium shells;
o definition of imperfection classes for plastic buckling;
e interaction between load cases;
* introduction of additional shell configurations;

o stiffened shells
 Imperfection sensitivity analysis of stiffened cylinders;
 |validation of EN1993-1-6 procedures and harmonization with
EN1999 rules;
o effect of welding effect (HAZ zones)
f  Imperfection sensitivity analysis of welded cylinders;
| « definition of simplified design procedures;
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Stiffened shells — Proposal for EN19991-5

Axial load External pressure
1.2 | EA A 1 A
. 2 . 2
N, =0 +— || A +—= Pure =g — | Ay +—=
xRc¢ X 2 1 nRe 0 .2 1
C,d.
with o, = 0.80 with oy = 0.50
A, =j*lw'C,, +20*(Cyy + Cy) + Cyy |+ C,, +257C,
\| A, =20°(C,, +C;)(Cy, +j°Cy)(Cy, +j°0’Cyy)
\ . .
| - (o)ZCn +Cy3)(Cyp + ]2C25)2 - "JZ(sz +Cy + “)2(:33)((:12 + ]2“)2(:14)2
jJ A, = (‘”chl +C33)(Cyy +Cy + ‘”chs) - wz(clz +Cy )2
where
C, =C,+EA /d, C, =C,+EA _/d.
C, =v,C,C, C,, = C(Pe
C, =¢EA /(xd)) Cy =—¢,EA /(rd,)
C44 = [D‘P +EISdsyr2 C55 = [D(') +EIrdr ]/rz
C, =v,/D.D, /1’ Cq =D, +0,5(G1, /d, +GI,/d, |/’
e
('l) =

il,

1
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Stiffened shells — Proposal for EN19991-5
Equivalent orthotropic properties of corrugated sheeting (from prEN1999-1-6)

2t°
C,=E-t, :E-3(12
‘ 2 32
n°d
CB:E-ty:E-t£1+ e j
d G-t
Cyp, =Gt =
I n>d?
) 1+ >
! 41
|
| Et’ 1
D(P =E-I_= .
12(t-v2)(, n’d?
1+ 5
41

_ _ 2
D, =E-I =0,13Etd

3 2 12
D -g.1_ =9 [1+“d]

o Y12 412




HEUROCODES EN 1999 - Eurocode 9: Design of aluminium structures :
Part 1.5 - Shell structures (A. Mandara)

Brussels, 18-20 February 2008 — Dissemination of information workshop

Stiffened shells — Proposal for prEN19991-5

Axial load
112 L 2 I
Strong hardening alloys
Quality class A
1,0 i
\ | * L/R=2; R/t=50
0,8 -
\ m L/R=2; R/t=100
0,6 Q*=1.3Q —
L/R=2; R/t=200

0’4- LT \
Zperf :¢+ [¢2_12 ...............

02 e e
\ 4 $=05[1+a,(A—2,)+ 2] N
0,0 : : : :
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4

Ax = \/nO,ka /Nyge
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Stiffened shells — Proposal for prEN19991-5

External pressure

Strong hardening alloys

=
Xx = O pert Quality class C

1

A pert = RS
perf ¢+ ¢2_l2

=051+, (A-4,)+ 2]

* L/R=2; R/t=50

\ ¢ s L/R=2: R/t=100

L 2
\s‘ L/R=2; R/t=200

1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5 5,0

ho = \/ Po,nrk / Prre
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Stiffened shells — EC9 formulation

General buckling curve formulation

)(x = ay perf

)(er —
perf ¢+\/¢2_i2

6=0501+a,(4-2,)+ 1]

xx:\/f()k/Gch X'3':\/fozf(/%fec A :\/(fOk/\/g)/TRc

" xx — \/n(),ka /anc XB — \/p(),an /anc XT — \/(fOk /\/g)/TRc
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Background activity - Main investigated aspects

* shell plastic buckling
e Imperfection sensitivity analysis of aluminium cylinders;
e set-up of buckling curves for aluminium shells;
o definition of imperfection classes for plastic buckling;
e interaction between load cases;
* introduction of additional shell configurations;

o stiffened shells
 Imperfection sensitivity analysis of stiffened cylinders;
e validation of EN1993-1-6 procedures and harmonization with
EN1999 rules;
o effect of welding effect (HAZ zones)
f e |imperfection sensitivity analysis of welded cylinders;
| « definition of simplified design procedures;
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Effect of welding (HAZ zones):
definition of simplified design procedures

Rolling Welding
— —

v

A

2 i 12 <t <25mm
cERR t >25mm
2= 1T T -~
S T e
Sla | [ , Foz S|
5 1 HE
° Ll =

;reduced strength zone
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! Effect of welding — Imperfection sensitivity curves, axial compression

1,4
Pu Pern Class 3 Class 2 Class 1
1,2 +
1,0 + Unwelded
=0.86
T a = 0.80
0,8 4 a=0.72
Welded 0 =0.72 =071
0,6 T a=0.67
04 + )
v R/t =50; fy, = 200 N/mm?; p, .,=0,53
0,2 +
Woft
0,0 1 1 | 1 | |

0,0 0,1 0,2 0,3 0,4 0,5 0,6
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! Effect of welding — Imperfection sensitivity curves, axial compression

14
Py /Per i Class 3 Class 2 Class 1
1,2 -
1,0 - Unwelded
a=0.76
0,8 - \ o =0.68
| — o= 0.56
1 0,6 ~ Welded a=0.67 B
| a=0.61
0,4 -
R/t =100; f 4, = 200 N/mm?; pg sy = 0,53
\
0’2 ]
‘ W/t
0,0 T T T T T T

0,0 0,1 0,2 0,3 0,4 0,5 0,6
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Background activity - Main investigated aspects

* shell plastic buckling
e Imperfection sensitivity analysis of aluminium cylinders;
e set-up of buckling curves for aluminium shells;
o definition of imperfection classes for plastic buckling;
e interaction between load cases;
* introduction of additional shell configurations;

o stiffened shells
 Imperfection sensitivity analysis of stiffened cylinders;
o validation of EN1993-1-6 procedures and harmonization with
EN1999 rules;
o effect of welding effect (HAZ zones)
f  imperfection sensitivity analysis of welded cylinders;
| o |definition of simplified design procedures;
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Effect of welding according to EC9 1.0
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Class 3 1.2 1.1 1.4 1.3 1.6 1.5
Class 4 1.3 1,2 - - - -
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