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No.  Type of analysis Shell Material Shell
' theory law geometry

1 Membrane theory membrane not erfect

of shells equilibrium  applicable P
linear

2 Linear elastic shell  bending linear erfect

analysis (LA) and P
stretching

Linear elastic ggsgirn

3 bifurca_ttion and 9 linear perfect
analysis (LBA) stretching
Geometrically

4 non-linear elastic non-linear linear perfect
analysis (GNA)
Materially non-

5 linear analysis linear non-linear  perfect
(MNA)
Geometrically and

6 mate”a"y non- non-linear non-linear  perfect
linear
analysis(GMNA)
Geometrically
non-linear elastic

7 analysis with non-linear linear imperfect
imperfections
(GNIA)
Geometrically and
materially non-

8 linear analysis non-linear non-linear  imperfect
with imperfections
(GMNIA)

Table 1. Types of shell analysis in Eurocode 3[9].
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Fig. 1. Pressure distributions on the cylindrical shell wall
(plan view).

Sl J5ile 5 KaS ay asllas 3550 U sl O
Coale 4 ax 5 Lol ol Jus [26] o sSUT 550
Syl O3be Opman Lol Lsd (latay (slasila
£ty Oldl oy 4 53 2 o3l i 5 ol (27]
4 ] ot ol ek 4l (SAR) Ll i35 (sl S

1 doubly curved

224

e 63955 Sl oB S glail gral laana sy HleS

G5 A5 b (VJsior Aciys)) (ot d adly nn i o
w.m‘ﬁ.&o?):ée\.wm}éw PR NS
AS&kyck.ﬂJ:bdjfw‘amﬁwwtﬁL;\g@}é
5 O sl Tdis)) ot S ik Cwslie 55 2Ll 4
Sl o a3l 5L (Vs 0in ) Saudly
S5 aS ek el auls 5 K8 4 bae gy SLS
Wlbanw s ol )l 8 Rl d 4wl
Sledbl [25] el Olsl b cds kLo 5 s s
ol 53 (1) Jadr sl los ol b alaly 3 (g 2t
S Sloa S aalllae (b s 5o el 32 50 [9]
23 Salein L a5 ae Cod (Lalb Wl S Ol
(ol sl o JolS b 4 Wajlis LR
Sl s ¢151 bl b Gl ) el 43S s
LSl 5l e DAl (V) Jad A Y Cigsy
el 0 &) 05l o]

Sgdowe Ol g3lwdde 5 (5 1AL —Y-Y

mados 5 b (ELL o SSE 5 bl (555 ladllas
o Al &S cl ol Ol (S e Sl o Lo
035 S50 sl BOT (IG5 O3bs o)lgs 3,05 5Les
LAk SLLOLS 8 S ad e SRl S KlS e
Sl e 3les (glails b gimes (glos )l i 53 [16]
Gob 4oyl G Sl edd sl K L s
5 G S5 3 Laals JLid 2alS S iy il bk
Vo o5 il @l Juld (s e 53 LS 2153
52 Bl 1 ls adge I 5 EalS w3 0L
dy 5 53 LS ;s s o5l iy O35 ol
Lol asboml 5510 3 5m s Candsy (pl o )3 Sl
05,8 slgdn I cpl a1y gles ) Hlis wilsl e 55 [24]
S ol S B e a5 bl
Ll pd oo atals blie Caar 515 035358 o)l Cn
T B e B B W e K e ST WcL WNLEN
S5 Gllas edigoluasle SLE 055w G Dlbes S
ol 4 S b ys axdllae ol s (0N L3 HLid =58 M)
Byd e odal Y I S o g e ol ) &S



YA JL.«/\ A)Lo.i/v.hé)'j}e)}é

oot Ol jes wdige g — oo doee

«Y(g) L el S b IS (el ol 4 aslsl
b Jlesl sy 55 6yrin Sldbl ssi e eyt
Sl 5 K bwy kS ks 3l eslizal L s
Slads IS8 b me 4 i bl js ool o 31,1 [31]
e Sy LeSS ol spd e antls y JALS
23 2gd ) i s Sawnd 5o LileS e glis
sl ¢l 5 (05 ) gbaas 51 S e (7)) IS

el el w2l OLES Y 1Y (g 1S L

kol B 5leS L s 4 s b e ol Ken andllas Y J i

N s

= 3 3
LBA:load 2 E >3
\o Tota:(no. factor (x % aL % % %
" elements 10°) g 3 2 23
[N/m?] e a = 2
= o By
> >

1 5089 2.58
2 6424 2.48 26.2 4.03 15.4
3 8944 2.38 39.2 4.20 10.7
4 11880 2.32 32.8 2.59 7.9
5 14332 2.30 20.6 0.87 4.2

Table 2. Mesh convergence study with respect to buckling
load improvement of the main mode in casel.
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Load LBA: load factor LBA: load factor
pattern [N/m?]- mode(a) [N/m?]- mode(b)
CASE1 229678 291348
CASE2 150389 273171
CASE3 99452 270808

Table 3. LBA buckling load in mode (a) and (b).

1 mode (a)
2 mode (b)
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Table 4. Summary of load factors at the buckling of
cylindrical shell.
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3 Modified Southwell plot
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Load Factor/(u/t)
Fig. 3. Modified Southwell plot in casel-3.
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Fig. 2. Linear buckling mode shapes. The upper and the
lower rows represent mode (a) and mode (b), respectively.
From left to right, the figures at each row show the loading

patterns of casel to 3.
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Abstract:

Thin-walled cylindrical shells are extensively used in civil engineering. Due to thin wall thickness, they are
vulnerable to stability failure in the form of shell buckling. The European Standard in design of steel
structures is considered to be a pioneer in strength and stability assessment of shell structures. Wind pressure
and seismic action lead to non-uniform distributed transverse loading on cylindrical shells. It has been shown
that non-uniform loading may have a significant and deleterious effect on the structural stability of these
structures. The present study deals with buckling behavior of short cylindrical shells under three non-
uniform distributed transverse pressures. The loading patterns were adopted in a way to simulate the normal
pressures due to ensiled materials in excited situation. It was done with respect to Eurocode design
provisions for earthquake resistance of circular silos. Its aim is to produce useful information for the design
of cylindrical shells against buckling under general transverse loading. An overview of Eurocode treatments
of shell stability using finite element analysis is presented. In addition, the paper explores the effects of
different forms of transverse loading on stability response of the structure. The numerical approach was
selected to fulfill the stability evaluations. Eurocode has many provisions for the global analysis of shell
structures using finite element analysis. Hence, a full suite of computational shell buckling calculations was
performed according to this standard. Linear bifurcation analysis was undertaken, firstly. It served as a
benchmark for further evaluations. Two different linear bifurcation eigenmodes were observed. The main
mode of buckling was diagonal shear wrinkles near the base of silo with partial extension in circumferential
direction. The other mode was local axial compression buckle at the foot of the shell. A wide range of
imperfection sensitivity studies using these eigenmodes were conducted. The imperfections can take many
forms and can have different amplitudes. Some imperfection forms may result in higher strength of the shell.
This makes identifying the worst condition very challenging. A sample parametric study on imperfection
amplitude in forms of eigenmodes, illustrated this kind of analysis. Additionally, the effect of plasticity was
explored through the ideal elastic-plastic model for steel. It was shown that due to loading pattern, the
plasticity may cause different amount of reduction in elastic load factor. To establish the actual plastic
collapse load, the modified Southwell plots were used. To achieve more realistic evaluation of buckling and
post-buckling behavior of thin-walled cylinders, the finite element analyses should include all possible
source of strength reduction in stability of the shell structures. To this end the geometrically and materially
non-linear analysis with explicit inclusion of imperfections (GMNIA) is considered to be the most advanced
form of numerical analysis. The load factors derived from GMNIA analyses showed a stability reduction
more than half as compared to linear bifurcation analyses in two load cases. The non-linear incremental
buckling modes were also explored. Finally, the general shape of buckled short cylinders under transverse
loading was characterized by combination of diagonal shear wrinkles and elephant’s foot buckling mode.

Keywords: Short cylindrical shells, Buckling, Transverse loading, Eurocode, Finite element method,
Imperfections
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