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. Silo . Diamet  aspect

Asr;gcr;t reatlo slenderness (';e)'g[’g]t] er (de) ratio

g category ¢ [m] (he/dc)
he/dc > 2.0 Slender 25 10 2.5

1.0<hd/de  Intermediate

<2.0 slender 18 12 15
he/dc < 1.0 Squat 12 15 0.8

Table 1- Geometric characteristics of steel silos.
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13 Linear meridional bending half wavelength
14 Fabrication Quality Class (FQC)
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Fig. 1. Schematic view of silos under consideration.
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Fig. 2. Depressions at circumfrential welded joints of steel
silos.
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15 Yield plateau

16 Structural carbon steels

17 Strain-hardening

18 Action Assessment Class (AAC)
19 Non-circular
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oot (FQC A, B, C)

¢ Slender silo Intermedl_ate Squat silo
[mm] slender silo
(0.56, 0.89,

10 1.40) - -

9 (0.59, 0.94, ) )
1.47)

8 (0.63, 1.00, (0.68, 1.10, )
1.56) 1.71)

7 (0.67, 1.07, (0.73, 1.17, )
1.67) 1.83)

6 (0.72, 1.15, (0.79, 1.26, (0.88, 1.41,
1.80) 1.98) 2.21)

5 (0.79, 1.26, (0.87, 1.39, (0.97, 1.55,
1.98) 2.17) 2.42)

4 (0.88, 1.41, (0.97, 1.55, (1.08, 1.73,
2.21) 2.42) 2.71)

3 (1.02, 1.63, (1.12, 1.79, (1.25, 2.00,
2.55) 2.80) 3.13)

Table 2- Geometric imperfections amplitudes of steel silos.
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Table 3- Properties of ensiled wheat.

23 Angle of repose
24 Slenderness adjustment factor
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Fig. 4. Verification of buckling results: (a) unpressurized and
(b) internally pressurized cases.
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Fig. 3. Discharge pressures imposed on: (a) slender, (b)
intermediate slender and (c) squat silo.
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Fig. 7. Non-linear load-axial displacement curves of: (a)
slender, (b) intermediate slender and (c) squat silo.

32 Diamond buckling mode

211

GMNIA (sla i 5 Jolo asil 5LS o5 (1) s
a5 3 g Bl LS g 5 5 LS i)
S el g e 0L e JSC s
Ciliee Gl S s bl als— o 5 Lails
) LS S S e b 2l LS sl
534S G S0ha ol e3ls [l bl s (Al
P 303 Jee 03 (GRS i) 53 el Gasiie S5
ot el 0 ale s 5 s il slaaSS
Gl 5) el eols ) Sadl e 5 LS
(S 03 5de

St () Y ()t sk €500 o b anl bS5 0 JKS
b S (C) B
Post-buckling

(a) Primary buckling

5, Mises

SNEG, [fraction = -1.0)

(Avg: 75%)
+2.500e+08
+2.292e+08

+5.298e+04

o
(b)

SNEG, [fraction = -1.0)
(Avg: 75%)

S, Mises
SNEG, [fraction = -1.0)
(Avg: 75%)

+1.250e+08
+1.042e+08

Fig. 6. Non-linear buckled forms of: (a) slender, (b)
intermediate slender and (c) squat silo.



S g 5 i Lo, e

o Sl gl gla sl @ gas 25LST L5

Oy Rd

Rd EC = >1.0 QY

Ox Ed

3 Sl e plis A5 w0k G daly o
U5 i SKlis o ja R 5 Ed s wilsl gladis 5
Cons 3o TRAEC Aied b Cwglie luie 5 > b
Lol wligml S Jele GHLS b sl
M IS8 . ‘CJL Caoglis lais .cwl (EuroCode)
] dsla
Oy rd =Ox rk /M1 av)

Slr Leslie i el s i (V) a5
Dl el 15 aesiie e oxrk 5 V) Slee Lo gl
aatie e oo fol- Sl LS LS aasie
salS o s (fu=ty) (oY 8 e g O (ol o slin
Al s OA) daly b (o0 ™ les
ox re = Ixf OA)
Sheml s YU e, s s falS oo s s
(04 el ) sl () ™ e 52N
A =y 1oy Rer (\4)

S eSS S5 Gl e (S daily s
SUAL] syl asbopol 53 D g b ollas oxper Szl
1] dsloes LB (Y0) il 3 b
t if1.7gws0.stL

=0.605EC, — ——>C, =1.0 (Y+)
r

Ox ,Rer

e S b A bl @I of s s

sl 5 S aeSl gLl g same bl | 5 G il
,Cu;k‘tjrﬁ;u‘ sl ol Cnls jy S
SAY e 3l e ol | FUsl 53 rdpe Zabis
(YY) ety 31 Q) kS alS oo llis (Ae) o

x =1 when 4, <4,
7o =1 B2y when Ay <a <ay ()
Ay =
x =axp/ﬂx2 when 2, <4,
ol a5 slde L Sty o3l o o B YL Al o

f\f ol Wﬁ)‘mbu:vs)&‘ %‘)Q\)Sf]"/-\bf\f

37 Buckling reduction factor
38 Relative slenderness

55 GMNIA e Jos ™ Sl 5L st o (slasls pa
JS s lodal oty T SG , S1 1 eslizal L oS
Coglis Cs ‘(,SLE s Sl el esly Al (V)
A i ol @3B gl (B g 5 LS
Aas e 0L sl
s s le b lsses sl 53 o) JSE el
O el s sl 8 AR PP S LS;'-U«);
23 Sl ol e o i el (2l L Ol
o Gl 4 s spde s ol b 1S
=il S, (Sl 5 8N Gakw K5l 3 B S A Ll
Ol boedlea il ol sbul Dol s 53 TN
gl a8 Lleds So sl gen (5545 Lajls gel ¢ pwlin o dlals
s> C xle WIS @ by o Jolad s 53 0509 4 5,50
S Sl iy b e o sl ol 5o e
wocsle Gl IS 5L e 4 by e Slssed (kS
Aol | Ko Canslie 315 K

fraoia 53 LBIA sl Jls 53 ol s, alis
Coglis J2alS BT (i ol awls S8l L5
ssba asde sdalie SV bk Gl SN
Gl Cwd b gdons YT YE 0 jals S5
5 sS anls Jaall gl oS 5 Sle Y (slash
o5k a4 p3Y pomen ol sdel ks C s ALDIS
g3l (o o o gla o ml alis o & ol
L5 et OMNIA Gl Llod L5 (6208 Conslin
lashow b b aculons (Glis TRAGMNIA S5 e 4t

el bl Lol b ST laanmlis

Lol wbm T (25 T ob) (Fwd b -T-F
shst pde J xS s [11,12] Lssl aabonl b Gilas

4.]@.‘) w‘ f-)‘y “;L}\.) )LM.J )_}«b e 6)_?;& J:-‘LQS
AL L8, O

33 Non-linear load-displacement curves
34 Riks

35 Equilibrium path

36 Snap-back



VEen JLM/Y AJL«J/(’&J”)CMM:{AJ‘)J

e les mlige (Lay5 = ele alne

%diff=(1-rraec/fraomnia)X100  slis 4 a4 L
ke ad G esgdee 5 (E) Jads s S
YY GO ssis LS abool ces T e P
3l eS gl S 53 1y el LALS e b s s
“oml e s il e e S eSS
ssam 3 bashe Gopme NS Gk s s wl
555 5l emle 5 Shae b5 (g S abslowe gy s HLiS
PN N EC I S I VS NEEN [ TS
2 ehm s (GSE S pad asls) Acsle (OIS s )
el el e Y (g5l

OlaJl J:)JJ;;"“") szjjé Ld!j.l:.m J:«-ILQS;«&}LM 4».»«.1[.0.& k3 d}-\?:

S 9doee
%diff=(1-
(oxEd™, oxRd™, I'Rd,EC) I'Rd,EC/IRd,GMNIA
**)x100
Silo
slenderness FQC FQC FQC FQC FQC FQC
B C A B C
category
(59.22, (59.22, (59.22,
Slender 99.54, 68.85, 50.43, 1250 25.16 26.09
1.68) 1.16) 0.85)
Intermediate (44.34, (44.34, (44.34,
slender 65.98, 52.87, 4097, 20.74 32.00 30.83
1.49) 1.19) 0.92)
(26.76, (26.76, (26.76,
Squat 47.04, 40.36, 33.78, 23.14 28.44 30.77
1.76) 1.51) 1.26)

* ox,ed and oxrd i MPa

** rra,eMnia Values are shown in Fig.7

Table 4- Comparison of buckling resistances of silos
calculated by the hand design procedure and the finite
element method.
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Abstract:

Steel cylindrical silos are key storages in many industries. They can be composed of flat or corrugated
sheets. To construct these structures, steel sheets may be welded or bolted to each other. This study addresses
steel welded silos with flat sheets. Different loads, such as, filling and discharge loads, wind load, seismic
load and thermal loads should be considered in design of silos. Nevertheless, during the life cycle of a silo,
filling and discharge of particulate solids exert the most frequent loads on the silo walls. Due to larger values
of discharge pressures as compared with those of filling pressures, discharge loads are primarily considered
for structural design of silos.

Due to small wall thickness, buckling resistance is of vital importance in steel silos design. Ensiled
materials exert normal pressures and frictional tractions on silo walls. Accordingly, during discharge process,
meridional buckling resistance of shell walls concurrent with internal pressures should be assessed. It is well
known that buckling strength is very sensitive to geometric imperfections in shell structures. In welded silos,
the most regular and well-defined imperfection is local depressions existing in circumferential welded joints
due to the plate rolling process and shrinkage of the weld. The assumed shape given for this type of
imperfection in the literature were adopted throughout the paper.

Eurocode as the most advanced and pioneering standard on the design of steel silos, provides a hand
design procedure for buckling evaluation of steel silos under discharge loads. To assess the procedure, a full
suite of computational shell buckling calculations was performed with special emphasis on the effect of
aforementioned geometric imperfection. A slender, an intermediate slender and a squat silo were considered
for the assessments. Linear elastic Bifurcation Analysis with Imperfections (LBIA) and Geometrically and
Materially Non-linear Analysis with Imperfections (GMNIA) were carried out for each structure. Sample
silos were loaded in accordance to the pressure distribution proposed in the Eurocode. By assuming strake’s
height of 2 meters, uniform depressions were simulated in circumferential welded joints of each silo. Three
different Fabrication Quality Classes (FQCs) denoted by FQC A, B and C in a descending order from
Excellent to Normal Class were introduced in the Standard. The imposed depression amplitudes were
calculated in accordance to FQCs of the silos.

Considering the results obtained, the LBIA buckling modes show several circumferential buckling waves
at the first welded joint of each silo from the base. Lowering the FQC leads to the decrease in number of
circumferential waves and to the development of buckling waves at the location of second and third welded
joints. Nevertheless, the more sophisticated GMNIA analyses predict elastic-plastic buckling mode in the
form of diamond pattern concentered at the first welded joint of the silos from the base, irrespective of
selected FCQ. However, for the slender silo the two upper welded joints are also interact during buckling.
With respect to the design buckling resistance ratios (rrq) obtained by hand calculations and through non-
linear analyses, the former method has predicted rrq values in the range from 13% to 32% lower than those
of GMNIA. Therefore, hand design procedure of Eurocode produced satisfactory results, without high
conservatism. However, more researches on this issue can enhance the reliability of conclusions made with
respect to the Eurocode provisions.

Keywords: Steel cylindrical silos, Geometric imperfection, Buckling, Eurocode, Discharge pressure
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