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1 uUvoD

Tanke cilindri¢ne ljuske su konstruktivni elementi koji
su nasli Siroku primenu u praksi. Bilo da je re¢ o limenci
piva ili o delu za rakete, neophodno je temeljno pozna-
vanje svih njihovih karakteristika. Posebno treba nagla-
siti analizu stabilnosti i raspored (formu) izboc¢ine koja se
formira u postkriti€énoj oblasti — dijamantsku formu, ili u
literaturi jo§ poznatu kao Yoshimura Sablon [19].

Stvarne ljuske su elementi koji imaju odredene
imperfekcije. Moguce je klasifikovati imperfekcije na tri
osnovna tipa: geometrijske, strukturne i imperfekcije u
opterec¢enju. U analizi, najéeS¢e se koriste geometrijske
imperfekcije zbog jednostavnosti njihovog definisanja, a
pokazale su se i kao adekvatne za opisivanje bilo koje
vrste imperfekcija. Dobro je poznato da najveci uticaj na
stabilnost cilindra imaju geometrijske imperfekcije zadate
u obliku koji odgovara sopstvenim oblicima izbo¢avanja
(jednom imperfekcijom ili kombinacijom viSe njih). Ovak-
va pretpostavka znac¢ajno odstupa od realne slike, ali je
u gradevinarstvu nasla Siroku primenu. Jedan od razloga
za to jeste mali broj dostupnih merenja imperfekcija na
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1 INTRODUCTION

Thin-walled cylindrical shells are structural elements
that are widely used in practice. No matter if it is about a
beer can or a rocket section, it is necessary to
thoroughly know all their characteristics. The analysis of
stability and buckling pattern formed in the post-buckling
area should be especially emphasized. Buckling pattern
can be a diamante pattern or the Yoshimura pattern, as
it alternative known in literature [19].

The actual shell structures are elements which have
certain imperfections. It is possible to classify these
imperfections to three basic types: geometrical, struc-
tural and loading imperfections. The most often used are
geometrical imperfections due to the simplicity in their
definition. Moreover, it is proved that geometrical imper-
fections are adequate for describing any kind of imper-
fections. It is well known that geometrical imperfections
have the highest influence on the cylinder stability. The
geometrical imperfections are set in the form which
corresponds to the eigenmodes (one or several of them
combined). Such assumption considerably deviates from
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izvedenim konstrukcijama. Pored velikih ekonomskih
izdataka, koji su neophodni da bi se jedno ovakvo
merenje izvrSilo, treba napomenuti i to da su
imperfekcije funkcija s velikim brojem promenljivih.
Znatan uticaj na pojavu imperfekcija imaju razli¢ite faze
gradnje, nacin  eksploatacije, klimatski  uslovi
(temperatura), kao i mnogi drugi uslovi.

U gradevinarstvu, izboCavanje cilindricne ljuske
merodavan je kriterjum za dimenzionisanje dimnjaka,
stubova vetrogeneratora, silosa i slicnih objekata. Za
praktichnu primenu, potrebno je pronaci ravnotezu
izmedu sigurnosti i ekonomiCnosti, zadrzati se u
finansijski opravdanim granicama, primenom manje
konzervativnih reSenja, ali ostati na strani sigurnosti u
pogledu nosivosti i stabilnosti. U svemu navedenom lezi
i cilj istrazivanja ovog rada, a to jeste uticaj razliitih
vrednosti amplituda pocetnih geometrijskih imperfekcija,
koje su zadate u obliku prvog sopstvenog oblika
izboCavanja, na ponaSanje ljuski, uz analizu izbora
materijala od kog su ljuske izradene.

U radu su prikazani rezultati numeriCke analize
stabilnosti cilindriénih i konusnih ljuski, primenom
programa Abaqus. Analiziran je uticaj materijalne i
geometrijske nelinearnosti na kriti€an napon i nosivost
na izboCavanje. Materijalna nelineranost uzeta je u
proraCun primenom eksperimentalnih krivih napon—
dilatacija ugljeniénog i nerdajuteg Ccelika, dok je
geometrijska  nelineranost obuhvacena razli€itim
vrednostima pocetnih imperfekcija. Rezultati sprovedene
numeri¢ke analize poredeni su s preporukama datim u
EN 1993-1-6 [9] i definisane su vrednosti redukcionog
faktora kao odnosa kritiénog napona i nosivosti na
izbo¢avanje. Vrednosti redukcionog faktora poredene su
s podacima dostupnim u referentnoj literaturi.

2 AKSIJALNO OPTERECENE KRUZNE
CILINDRICNE | KONUSNE LJUSKE

Tokom poslednjih decenija, veliki broj istrazivanja bio
je usmeren na analizu problema stabilnosti ljuski. Naro-
Cito se izdvojio slu€aj aksijalno napregnutih cilindri¢nih
ljuski izloZzenih dejstvu pritiska, kao karakteristiCan za
ovaj tip konstruktivnih elemenata, koji je u samom radu i
analiziran. Razlog za to jeste znacajno drugacije
ponasanije cilindri¢nih ljuski pri aksijalnom opterecenju u
poredenju s ponasanjem plo¢a i stubova [3]. Navedeno
je ilustrativno prikazano na slici 1 za razlicite
konstruktivne elemenate izlozene dejstvu aksijalnog
pritiska. Prikazane su krive sila—deformacija dobijene
analizom pona$anja za inicijalnu fazu, graniénu fazu pri
kojoj dolazi do gubitka stabilnosti i postkriticnu fazu. Za
sluCaj elemenata bez pocetnih imperfekcija, na slici 1
uoCava se da se nakon dostizanja Eulerovog kriticnog
opterec¢enja u sluc€aju plo¢a optereéenje (P) povecava s
povecanjem aksijalne deformacije (A). Kod stubova ono
se ne povecava, ali se i ne smanjuje, dok kod cilindri€nih
ljuski s daljim porastom deformacija (A), opterecenje (P)
opada nakon dostizanja Eulerovog opterecenja. Kada se
uzme u obzir uticaj po€etnih imperfekcija, kod stubova
se moze uociti da je Eulerovo optereéenje maksimalna
nosivost za sve aksijalno pritisnute elemente, s pocetnim
imperfekcijama i bez njih. Kod plo¢a se uoCava porast
deformacije (A) u slu€aju elementa s pocetnom imper-
fekcijom, ali oba slu¢aja mogu da prihvate opterecenje

the actual condition, but it has been widely used in civil
engineering. One of the reasons is the small number of
available imperfection measurements on the structures.
In addition to the considerable financial cost that is
necessary to perform such a measurement, it should be
highlighted that imperfections are the function with a
large  number of variables. Different phases of
construction, and the way of operation, climate
conditions (temperature) and many other factors have a
great impact on imperfections.

In civil engineering, buckling of cylindrical shell is a
relevant criterion for design of chimneys, wind turbine
towers, silos and similar structures. It is necessary to
find a balance between safety and cost-effectiveness,
but to remain in the financially justified limits at the same
time, using the less conservative design procedures that
will retain safety in terms of design resistance and
stability. This is the aim of the paper, i.e. the influence of
different values of amplitudes of initial geometrical
imperfections, set in the form of the first eigenmode, on
shell behaviour with the analysis of the choice of
materials from which the shells are made.

The results of the numerical analysis of the stability
of cylindrical and conical shells using software package
Abaqus are presented in the paper. The influence of
material and geometric nonlinearity on critical buckling
stress and buckling resistance is analysed. Material
nonlinearity has been taken into calculation using the
experimental stress-strain curves of carbon and stain-
less steel, while the geometric nonlinearity has been
included through various levels of initial imperfections.
The results of the conducted numerical analysis have
been compared with the recommendations given in EN
1993-1-6 [9] and the values of the reduction factor,
calculated as ratio between critical buckling stress and
buckling resistance have been defined. The values of
the reduction factor are compared with the data available
in the reference literature.

2 AXIALLY COMPRESSED CYLINDRICAL AND
CONICAL SHELLS

During the recent decades, a large number of
researches have been focused on the analysis of shell
stability problem. The case of axially loaded cylindrical
shells exposed to compression stands out as
characteristic for this type of structural elements, and it is
analysed in this paper. The reason lies in considerably
different behaviour of cylindrical shells under axial load
than of the plates and columns [3]. This is graphically
presented in figure 1 for different structural elements
exposed to axial compression. The force-strain curves
obtained by the analysis for the initial phase, ultimate
phase — where the loss of stability occurs and post-
buckling phase are given. In figure 1, for perfect plates
the load (P) can actually increase above the Euler
buckling load with increasing axial deformation (A). For
perfect bars the load (P) neither increases nor
decreases, while for perfect shells with further increase
of deformation (A) the load (P) decreases beyond the
Euler buckling load. When considering the influence of
initial imperfections, the Euler load for bars is the
maximum load for all axially compressed elements, with
and without initial imperfections. The plate shows an
increase in deformation (A) in the case of an element

28

GRADEVINSKI MATERIJALI | KONSTRUKCIJE 62 (2019) 1 (27-42)
BUILDING MATERIALS AND STRUCTURES 62 (2019) 1 (27-42)



koje je ve¢e od Eulerovog opterecenja. Cilindri¢na ljuska with initial imperfections, but in both cases they can

s pocetnim imperfekcijama gubi stabilnost pri accept the load that is greater than Euler's. A cylindrical
opterecenju znatno manjem od Eulerovog optereéenja, shell with initial imperfections loses stability at a load
¢ime je ponaSanje ovog elementa okarakterisano kao significantly smaller than Euler's which has been
izuzetno katastrofalno [10]. characterized as extremely catastrophic behaviour [10].
P elementi bez pocetnih
A E)I[SS)A Blagonakiono imperfekcija (perfect elements)
v (benign)
Eul S elementi sa pogetnim
ogtee:%%be;??je ,/' imperfekcijama (imperfect elements)
- Katastrofalno
(Euler load) ':‘,:,-"\ LINIJSKI (catastrophic)
A ELEMENT
[ (bar)
CILINDRICNA lzuzetno
’d I(‘SJ':jrA katastrofalno
(ultra-catastrophic)

A

Slika 1. Krive sila—deformacija za razlicite pritisnute konstruktivne elemente [10]
Figure 1. The force-strain curves for different axially compressed structural elements [10]

2.1 Linearno-elasti€na teorija stabilnosti — kritiéno 2.1 Linear-elastic theory — critical load
opterecenje
The behaviour of cylindrical shells can be described

PonaSanje kruznih cilindriénih ljuski moguée je by a single set of equations, but due to its complexity
opisati jedinstvenim setom jednacina, ali zbog svoje they are impracticable. Therefore, certain simplifications
kompleksnosti, bez prakticne su primene. 1z navedenih are made by ignoring the parameters that have a small
razloga, uvode se odredena uprodc¢enja, zanemarujuci influence on the considered phenomenon. One such set
veli¢ine koje imaju mali uticaj na razmatrani fenomen. of equations for description of shell behaviour was
Jedan takav set jednacina za opisivanje ponasanja ljuski proposed by Donnell [6]. In the case of axially loaded
predlozio je Donnell [6]. U slu¢aju aksijalno optereéenih shells, the set of equations can be reduced to one
ljuski, set jednacina moguce je svesti na jednu jednacinu equation of the eighth order, which is known as
osmog reda, koja je poznata kao Donnell-ova jednacina i Donnell’'s equation and which can be used for
moze se koristiti za odredivanje kriti€nog opterecenja — determining the critical load, both under the axial
kako usled aksijalnog pritiska, tako i usled torzije i compression and to the torsion and internal pressure.
unutraSnjeg pritiska. Kriti€nu vrednost opterecenja The critical load value can be obtained by solving the
moguce je dobiti reSavanjem Donnell-ove jednadine i Donnell’'s equation and such a solution was provided by
jedno od reSenja dao je Batdorf [2] za slobodno oslonjen Batdorf [2] for a cylinder pinned on both ends (pinned).
ciindar na oba kraja. Dobijena vrednost kritiénog The obtained solution, alternatively called the classical
napona, Ocr, U literaturi jo$ nazivana i klasi¢no reSenje, solution in the literature, is presented by the eq. (1):
prikazana je jednacinom (1):

o 1 Et L
cr =
3a-u?) R @
gde je: where:

E - modul elasti¢nosti; E - elastic modulus;

t — debljina ljuske; t — shell thickness;

K — Poisson-ov koeficijent; M —Poisson's ratio in elastic range;

R - poluprecnik krivine cilindra. R —radius of curvature.

Jednacina (1) primenjiva je na cilindre srednje The eq. (1) is applicable for cylinders of medium
duzine, koji su najzastupljeniji u praksi, pa shodno tome i length which are the most common in practice, and
veoma vazni. therefore very important.

U slu€aju konusnih ljuski, teorijske analize [13] In the case of the conical shells, theoretical analyses
pokazale su da se kriticno opterecenje, Pcr, moZe izraziti [13] demonstrated that the critical load can be expressed
na sledeéi nacin: in the following way:

2 2
P _2zEt*cos’a @)
NE R
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gde je:
E — Young-ov modul;
t — debljina ljuske;
B —Poisson-ov koeficijent;
a — nagib izvodnice konusa u odnosu na

vertikalnu osu.

Jednacdina (2) primenjiva je za vrednost ugla a
izmedu 10° i 75°. Za uglove manje od 10° moze se uzeti
vrednost koja odgovara cilindri¢nim ljuskama iste visine i
debljine, a poluprecnika osrednjene vrednosti poluprec-
nika konusa.

2.2 Lom i postkriticno ponasanje

Eksperimentalna ispitivanja ljuski pokazala su da je
kriti€an napon — pri kome dolazi do loma — ¢esto znatno
maniji od teorijski dobijenog primenom linearno elasti¢ne
teorije. Stoga, moze se izvesti zaklju¢ak da je ona
neadekvatna za opisivanje ponaSanja  aksijalno
pritisnutih cilindara i da se opisivanje relanog ponasanja
moze posti¢i uvodenjem materijalne nelinearnosti u
teoriju velikih deformacija.

ZnaCajan napredak u razumevanju ponasanja
cilindriénih ljuski napravio je Donnell 1934. godine [7].
On je uvideo vaznost primene nelinearne teorije,
odnosno znacaj iznalazenja ne samo optereéenja pod
kojim dolazi do bifurkacione stabilnosti cilindri¢ne ljuske,
vec¢ i postkritiénog ponasanja ljuski. Eulerova kriticna sila
na slici 1 predstavlja tacku bifurkacione stabilnosti,
nakon Cijeg dostizanja se funkcija ravnoteze menja.
Zbog velikih upro$¢enja, dobijeni rezultati nisu bili
primenljivi. Dalja istrazivanja bila su usmerena ka
detaljnijem opisivanju pona8anja cilindra u postkriti¢noj
oblasti, kao i ispitivanjima uloge poc¢etnih imperfekcija u
ponasaniju cilindra. Izdvojice se rad Donnell-a i Wan-a iz
1950. godine [8]. Oni su definisali diferencijalne
jednacine kojima se opisuje ponaSanje cilindri¢nih ljuski
s poCetnim imperfekcijama. Grafi¢ki prikaz reSenja dat je
na slici 2a. Sa Ao/t na slici definisan je odnos amplitude
poCetne imperfekcije prema debljini ljuske t. lako su
dalja eksperimentalna ispitivanja pokazala da su dobijeni
rezultati manje tac€ni, izvedeni su sledeci zakljuCci:

1.0
Ay /=0
O’mﬂ.‘( &~
05F & =
cr =
a o -
o, ‘
c.., Male vrednosti
o, A/t
1
0 0.5 1.0
ele,
a)

08

08

04

02

where:

E - elastic modulus;

t — shell thickness;

B —Poisson's ratio in elastic range;
a - semi-vertex angle of cone.

The eq. (2) is applicable for the value of angle a
between 10° and 75°. For the angles smaller than 10°
one can assume a value corresponding to the cylindrical
shells of the same height and thickness, whose radius is
an averaged value of the cone radius.

2.2 Failure and post-buckling behaviour

Experimental research showed that the critical
buckling stress at which failure occurs is often consi-
derably lower than the theoretically calculated one
obtained using the linear-elastic theory. Therefore, it can
be concluded that the linear-elastic theory is inadequate
for description of behaviour of axially compressed
cylinders, and that describing actual behaviour can be
accomplished using the nonlinear large deformation
theory.

A considerable advance in understanding cylindrical
shell behaviour was made by Donnell in 1934 [7]. He
grasped the importance of implementation of nonlinear
theory, i.e., the importance of not only finding the load
under which the bifurcation stability of a cylindrical shell
occurs, but also learning about the post-buckling
behaviour of the shells. Euler's critical force in figure 1
represents the point of bifurcation stability after which
the equilibrium function changes. Due to the large
simplifications, the obtained results were not applicable.
Further research was directed towards a more detailed
description of the behaviour of the cylinder in the post-
critical field, as well as the role of initial imperfections in
its behaviour. The work of Donnell and Wan of 1950 wiill
be highlighted [8]. They defined differential equations
describing behaviour of cylindrical shells with initial
imperfections. The graphical presentation of the solution
is provided in figure 2a. With Aoft, the relationship
between the amplitude of the initial imperfections and
the shell thickness t is defined in the figure. Although the
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Slika 2. a) Efekti imperfekcija na postkriticno ponasanje cilindara [8]; b) Rezultati ispitivanja aksijalno pritisnutih izotropnih
cilindriénih ljuski [4]
Figure 2. a) Effect of imperfections on post-buckling behaviour of cylinders [8], b) Test data for axially compressed
isotropic shells [4]
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— i najmanja imperfekcija vodi do znatnog smanjenja
vrednosti kriti€nog napona;

— minimalna vrednost napona (omin) nije pod velikim
uticajem veli¢ine imperfekcije, pa bi usvajanje ove
vrednosti, kao kriti€ne, dovelo do konzervativnog reSenja
za projektante.

Do reSenja koje je veoma doprinelo reSavanju
problema u praksi doSao je Koiter [11], koristeci
uproS¢enu teoriju velikih deformacija na primeru
aksisimetricnih pocetnih imperfekcija. Na slici 2b
prikazani su rezultati eksperimentalnih ispitivanja
cilindri¢nih ljuski, koje su objavili razli€iti autori. Na
apscisi je oznaCen odnos precnika (R) i debljine ljuske
(), dok je na ordinati definisana normalizovana vrednost
kriti€nog optereéenja (A), koja predstavlja odnos kriti¢nog
optere¢enja dobijenog eksperimentalnim putem (Pexp) i
opterec¢enja dobijenog primenom klasi¢énog resenja (Pc).
Punom linijom na grafiku obelezeno je reSenje koje je
dobijeno mnozenjem opterecenja dobijenog klasi€nom
teorijom s korekcionim faktorom definisanim u
proracunskim preporukama NASA-e [14]. Utemeljeno je
objasnjenje da glavni razlog za veliku disperziju rezultata
eksperimentalnih ispitivanja u odnosu na teoriju
predstavljaju poCetne imperfekcije.

2.3 Proracunske preporuke

Pri  projektovanju tankih cilindricnih  ljuski, wu
inzenjerskoj praksi koriste se razli¢iti standardi i
priruénici. Svi oni u osnovi primenjuju klasi¢no resenje
dobijeno linearno-elasti€nom teorijom (jednacina (1)), a
zatim ga mnoZe odgovaraju¢im redukcionim faktorom
(knockdown factor), kako bi dobili vrednost opterecenja,
koju cilindar moze da prenese. Ovakva vrednost
opterecenja odreduje se na oshovu pune zakrivljene
linje kojom je obelezena donja granica rezultata
ispitivanja na slici 2b.

Postoje razlicite analiticke formulacije redukcionog
faktora za izotropne cilindricne ljuske, aksijalno
opterecene. Neke od prvih preporuka poticu s pocetka
20. veka, kao Sto su NASA SP-8007 [14]. Prema njima,
kriti¢an napon dobija se iz slede¢e formule:

O¢r = YOy

7 =1-0.901(1-e™*),

gde je:

oa  — kritiéni napon definisan jednaginom (1);

y  —redukcioni (knockdown) faktor definisan
jednacinom (4);

t — debljina ljuske;

R - poluprecnik krivine cilindra.

Da bi se dobile formule (3) i (4), rezultati
eksperimentalnih ispitivanja su grubo uzeti u obzir, a da
se pritom nije vodilo raduna o nacinu ispitivanja ili
proizvodnje elemenata. Primena je ograni¢ena samo za
slobodno oslonjene cilindre na oba kraja. Dodatno, treba
biti oprezan s koriS8¢enjem ovih formula za opsege
L/R>5, jer ne postoje eksperimentalni podaci za ovu

further research proved that the obtained results are less
accurate, the following conclusions were drawn:

— even the slightest imperfection causes a consi-
derable lower critical stress value;

— the minimal value is not significantly impacted by
the size of the imperfection, so adopting this value as a
critical one would lead to a conservative solution for the
designers.

The solution which greatly contributed to solving the
problems in practice was discovered by Koiter [11] using
a simplified large deformation theory on the example of
axisymmetric initial imperfections. The obtained result
has a good agreement with the lower values obtained by
experimental research. In figure 2b the results of the
experimental investigation of cylindrical shells published
by various authors are presented. The ratio of the
diameter (R) and the shell thickness (t) is indicated on
the abscissa, while the normalized critical load (A) is
defined on the ordinate, which represents the ratio of the
critical load obtained by the experiments (Pexp) and the
load obtained using the classical solution (Pc). The full
line on the graphic is a solution obtained by multiplying
the load obtained by the classical theory with the
correction (knockdown) factor defined in NASA's design
recommendations [14]. An explanation for a large
dispersion of the results of experimental tests, in
comparison with the theory was established and initial
imperfections were allocated as the main reason.

2.3 Design recommendations

Different standards and manuals used in engineering
practice give design recommendations for cylindrical and
conical shells. All of them basically implement a classical
solution obtained using the linear theory, eq. (1), and
then multiply it by the corresponding knockdown factor to
obtain the load which can be transferred by the cylinder.
This factor is determined based on the full curvature
marking the lower boundary of test results in figure 2b.

There are different analytical formulations of the
knockdown factor for axially compressed isotropic
cylindrical shells. Some of the first recommendations
date back to the beginning of 20" century, such as
NASA SP-8007 [14]. According to them, the critical
stress is obtained from the following formula:

(3)
1 IR
= |= 4
Y o
where:
oa  — critical stress defined by eq. (1);
y  —knockdown factor defined by eq. (4);
R  —radius of curvature;
t — shell thickness.

In order to obtain eq. (3) and (4), the results of the
experimental tests are roughly taken into account,
without considering the method of testing or
manufacturing the elements. Application is limited only to
shells pinned at both ends. Additionally, one should be
cautious about using these formulas for range L/R>5
conditions, because there are no experimental data.
Taking the influence of imperfection into account, the
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oblast. Imajuci uticaj imperfekcija u vidu, dobijeni kritiCni
napon i dalje je na strani sigurnosti.

U Evropskom standardu [9], koristi se isti izraz za
kritican napon, jednacina (3), ali je redukcioni faktor
definisan putem naredne dve jednacine:

obtained critical stress remains on the safety side.

In the European standard [9], the same expression for
critical stress, eq. (3), is used, but the reduction factor is
defined by the following two equations:

0.82
==  R/t<212 (5)
J1+0.01R /t
070 Ritso12 ©)
\0.1+0.01R /t
gde je: where:
y  —redukcioni (knockdown) faktor; y  —knockdown factor;
R - poluprecnik krivine cilindra; R —radius of curvature;
t — debljina ljuske. t — shell thickness.
Kako bi se iskljuCila mogucnost sveukupnog In order to exclude the possibility of the overall

Eulerovog izvijanja stuba, formule (3), (5) i (6) vaze
isklju€ivo za cilindre koji ispunjavaju uslov:

Euler’s buckling of the column, eq. (3), (5) and (6) should
be applied exclusively to the cylinders that fulfil the

condition:
L 0.95JE @)
R t
gde je: where:
L — duzina cilindra; L — length of shell;
R - poluprenik krivine cilindra. R —radius of curvature;
t — debljina ljuske; t — shell thickness.

Imperfekcije se u [9] uzimaju u obzir — u skladu sa
slikom 3. Duzina poremecaja definisana je izrazom:

gde je:
R — poluprecnik krivine cilindra.
t — debljina ljuske;

Imperfections are taken into account in [9] in
accordance with figure 3. The length of the disorder is
defined by the expression:

(8)
where:
R  —radius of curvature;
t — shell thickness.

|t

Slika 3. Merenje dubine w pocetnih imperfekcija [9]
Figure 3. Measurement of depths w of initial imperfections [9]

Kada je odnos najve¢e amplitude w u odnosu na
odgovarajuce I manji od 0,01, treba primeniti formule (5)
i (6) za y; kada je jednak 0,02 vrednosti y treba uzeti u
iznosu od 50%, a izmedu raditi interpolaciju. Kada je
ovaj odnos veéi od 0,02, ne postoje nikakve preporuke,
sugeriduci time da bi takve elemente trebalo izbaciti iz
primene.

Oba reSenja i preporuke u EN 1993-1-6 [9], kao i
preporuke koje je dala NASA-a u SP8007 [14], u osnovi
su potekle iz rada Weingarten-a [17]. Osnovna razlika

When the ratio of the largest amplitude w relative to
the corresponding Ir is less than 0,01, eq. (5) and (6)
should be applied to y; when equal 0,02 values of y
should be taken in the amount of 50%, and between the
interpolations should be done. When this ratio is greater
than 0,02, there are no recommendations, suggesting
that such elements should be excluded from the
application.

Both solutions, the recommendations in EN 1993-1-6
[9] and the recommendations provided by NASA in
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izmedu njih jeste to $to je u Evrokodu uzet u obzir
kvalitet proizvodnje kroz proizvodne klase (A, B ili C).
Druga velika razlika ogleda se u preporukama Evrokoda
da se primeni dodatni faktor sigurnosti od 4/3 za
aksijalno pritisnute cilindre.

Kod konusnih ljuski, vrednost redukcionog faktora za
opseg 10° < a < 75° iznosi 0,33, dok za opseg a =75° on
treba da bude proveren eksperimentalnim putem, kako
je preporuceno u [15]. Navedeni redukcioni faktor, kao i
u slu¢aju cilindriénih ljuski, mnozi se s klasi¢nim
reSenjem datim u jednacini (2).

3 NUMERICKA ANALIZA

S ciliem kvantifikacije uticajnih parametara koji su
znacajni za nosivost cilindri¢nih i konusnih ljuski, spro-
vedena je numeri¢ka parametarska analiza metodom
konacnih elemenata. Detaljnom komparativnom anali-
zom, izvrSena je procena uskladenosti numerickih
rezultata s rezultatima proracunskih modela koji su dati u
evropskom standardu EN 1993-1-6 [9]. Numeri¢ka
analiza cilindriénih i konusnih tankih ljuski uradena je
koriS¢enjem programa Abaqus, verzija 6.12-3 [1]. U
numeri¢koj analizi problema stabilnosti, koris§¢ene su dve
metode:

— analiza sopstvenih oblika izbo¢avanja (LBA —
Linear Buckling Analysis);

— analiza odgovora nakon gubitka stabilnosti ili
analiza loma (Postbuckling analysis) primenom GMNIA
analize (GMNIA — Geometrically and materially nonlinear
analysis with imperfections included).

U inicijalnoj fazi proraduna, koja daje predvidanje
sopstvenih oblika izbo¢avanja, koriS¢ena je linearno-
elasti¢na analiza. Analiza stabilnosti elementa primenom
GMNIA analize zasniva se na reSavanju nelinearne
jednacine ravnoteze, primenom odgovaraju¢e numericke
metode. U radu je primenjena metoda konstantnog
sfernog luka, poznata i kao Riksova metoda [12].

Numeri¢ka analiza prikazana u ovom radu obuhvatila
je analizu cilindriéne ljuske duzine 10 m i poluprecnika
2,5 m, debljine zida ljuske od 6,0 mm do 30,0 mm, koja
pripada opsegu cilindrinih ljuski srednje duzine, kako je
definisano u EN 1993-1-6, Aneks D [9]. Takode,
numeri¢ka analiza obuhvatila je i konusnu ljusku iste
duzine i promenjivog polupre¢nika od 1,25 m do 2,5 m,
debljine zida ljuske 10,0 mm. Modeli cilindri¢nih i
konusnih obostrano zglobno oslonjenih ljuski formirani
su u Abaqus-u [1], pomoc¢u povrSinskih S4R konacnih
elemenata. MreZa za sve analizirane modele formirana
je od konacnih elemenata S4R aproksimativne veli€ine
200 x 200 mm, za koju je utvrdeno da rezultati pocinju
znacajnije da konvergiraju (razlika u kriticnom naponu
izboCavanja koji odgovara prvom obliku izbo€avanja
manja je od 0,20%).

Mehani¢ka svojstva materijala definisana su neli-
nearnom vezom napona i dilatacija dobijenih ispitiva-
njem pri zatezanju epruveta izradenih od vruce valjanog
profila od ugljeni¢nog Celika kvaliteta S275 [16] i epru-
veta od hladno valjanog nerdaju¢eg celika austenitne
mikrostrukture sa oznakom 1.4301 [5] (kako je prikazano
na slici 4a). Zglobno oslanjanje ostvareno je defini-

SP8007 [14] basically originate from the work of
Weingarten [17]. The basic difference between them is
that Eurocode takes into account the quality of
production, through fabrication tolerance quality classes
(A, B or C). The other large difference between the
European standard [9] and SP8007 [14] is reflected in
the Eurocode recommendations to implement an
additional safety factor of 4/3 for axially compressed
cylinders.

In the case of conical shells, the value of the knock-
down factor for the range 10° < a < 75° amounts to 0,33,
while for the range a = 75° it must be verified experimen-
tally, as recommended in [15]. The mentioned knock-
down factor, as in the case of cylindrical shells, is multi-
plied with the classical solution provided in the eq. (2).

3 NUMERICAL ANALYSIS

In order to quantify the influence of main parameters
on the resistance of cylindrical and conical shells, a
numerical parametric analysis was performed using the
finite element method. A detail comparative analysis was
conducted in order to quantify the compliance of
numerical analysis results with design recommendations
given in European standard EN 1993-1-6 [9]. Numerical
analysis of cylindrical and conical thin-walled shells was
performed using the Abaqus software, version 6.12-3 [1].
In the numerical analysis of the stability problem, two
methods were used:

— analysis of the linear bifurcation eigenvalue (LBA -
Linear Buckling Analysis);

— analysis of response after stability loss or
nonlinear analysis (Postbuckling analysis) with GMNIA
analysis (GMNIA - Geometrically and materially
nonlinear analysis with imperfections included).

A linear elastic analysis was used in the initial phase
of the calculation which provides prediction of
eigenmodes. The element stability analysis with GMNIA
is based on solving the nonlinear equilibrium equation
using an appropriate numerical method. An arc length
method, also known as the Riks method [12] is
implemented in the paper.

The numerical analysis presented in this paper
included the cylindrical shell 10 m long with 2,5 m radius,
with the wall thickness ranging between 6,0 mm and
30,0 mm, which belongs to the medium long cylindrical
shells as defined in EN 1993-1-6, Annex D [9]. In
addition, the numerical analysis included the conical
shell of variable radius ranging between 1,25 m and 2,5
m, with 10,0 mm wall thickness. The models of
cylindrical and conical shells pinned on both ends are
defined in Abaqus [1] using shell S4R finite elements.
The mesh for all analysed models has been formed
using S4R finite elements of the approximate size of 200
x 200 mm for which the results start to converge more
considerably (the critical buckling stress which
corresponds to the first eigenmode is lower than 0,20%).

Mechanical properties of the material are defined by
a nonlinear stress-strain obtained by tensile tests of
coupons made of hot-rolled section of carbon steel
grade S275 [15] and coupons made of cold-formed
stainless steel of austenitic microstructure designated as
1.4301 [5], as given in figure 4a. Pinned supports are
realized by defining the boundary conditions along the
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sanjem grani¢nih uslova po obimu ljuske, i to na jednom
kraju spreCavanjem pomeranja u pravcu sve tri glavne
ose U1=U2=U3=0, a na suprotnom kraju elementa na
kojem se nanosi optere¢enje dozvoljeno je pomeranje u
pravcu globalne Z-ose, $to odgovara poduznoj X-osi
ljuske (U1=U2=0), kako je prikazano na slici 4b.
Opterecenje u obliku aksijalnog pritiska nanosi se na
jednom kraju ljuske, kao raspodeljeno optereéenje svuda
po obimu.

700 -

600 o

Lh

[

<
1

shell circumferences. On one end of the shell restraining
displacement in the direction of all three main axes
U1=U2=U3=0 is adopted. On the opposite end on which
the load is applied, the displacement in the direction of
the global Z-axis is free, which corresponds to the
longitudinal X-axis of the shell (U1=U2=0), as displayed
in figure 4b. The axial compression loading is applied to
one end of the shell as a load distributed along the entire
circumference.

Napon (MPa) / Stress (MPa)

100 - —1.4301
—_—S275

a)

0 20 40 60
Dilatacija (%) / Strain (%)

80

L
v

b)

Slika 4. a) Dijagram napon-dilatacija za ugljenicni ¢elik S275 i nerdajuci ¢elik 1.4301; b) model konusne i cilindricne
ljuske i uslovi oslanjanja

Figure 4. a) stress-strain curves for carbon steel S275 and stainless steel 1.4301 b) model of conical and cylindrical shell
and boundary conditions

4 REZULTATI NUMERICKE ANALIZE | POREDENJE
S PREPORUKAMA DEFINISANIM U EN 1993-1-6

Vrednosti elasti¢nog kriti€énog napona izbo€avanja za
cilindri¢ne ljuske debljine od 6,0 do 30,0 mm i konusne
ljuske debljine 10,0 mm definisane su primenom LBA
metode u Abaqusu [1] i izrazu definisanom u EN 1993-1-
6 [9], Sto je ujedno i klasi¢no reSenje prikazano
jednacinom (1). Materijalna nelinearnost uvedena je u
numericke primere putem stvarne veze napona i
dilatacije za dva analizirana materijala, a pocetna
geometrijska imperfekcija zadata je kao pomeranje
odredene amplitude koje odgovara prvom sopstvenom
obliku izbo€avanja (LBA analiza u Abaqus-u [1]).

Uticaj razli¢itih vrednosti imperfekcija na nosivost na
izboCavanje analiziran je na primeru cilindriCne i
konusne ljuske debljine 10,0 mm, primenom metode
materijalne i geometrijske nelinearne analize sa
imperfekcijama (GMNIA).

4 NUMERICAL ANALYSIS RESULTS AND
COMPARISON WITH RECOMMENDATIONS
GIVEN IN EN1993-1-6

The values of the elastic critical buckling stress for
cylindrical shells with thickness from 6,0 mm to 30,0 mm
and conical shell with 10,0 mm thickness are defined
using the LBA analysis in Abaqus [1] and according to
design recommendations given in EN 1993-1-6 [9] which
is at the same time the classical solution presented in
the eq. (1). Material nonlinearity is introduced in the
numerical models through the real stress-strain relation
for two analysed materials, and the geometrical
imperfection is set as displacement of a certain
amplitude, which corresponds to the first eigenmode
(LBA analysis in Abaqus [1]).

The impact of different values of imperfections on the
critical buckling stress is analysed on the example of
cylindrical and conical shells 10,0 mm thick, with the
geometrically and materially nonlinear analysis with
imperfections included (GMNIA).
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4.1 Rezultati numericke analize - cilindri€¢ne ljuske
debljine 10 mm

Na slici 5 prikazana je nosivost na izboCavanje
cilindri¢ne ljuske od ugljeni¢nog Celika S275 i nerdajuceg
Celika 1.4301.

Cilindricna ljuska od nerdaju¢eg Celika ima 12,5%
manju nosivost na izbo€avanje u poredenju sa istim
cilindrom od ugljeni¢nog c¢elika, za model bez pocetnih
imperfekcija (MNA — materially nonlinear analysis).
Kriti€an napon izbo€avanja cilindricne ljuske debljine
10,0 mm od ugljeni¢énog i nerdaju¢eg Celika, dobijen
primenom LBA metode u Abaqusu [1], iznosi 509,3 MPa
i 485,0 MPa, respektivno.
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Imp. 1 mm
350 - — Imp. 2mm
— Imp. 3 mm
300 - — Imp. 4 mm
Imp. 5 mm
E 250 A ll}mmE
g
S200 I E—
=
£150 A
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50 13
0 T T T 1
0 5 10 15 20

Poduino pomeranje (mm) /Longitudinal displacement(mm)

a)

4.1 Results of numerical analysis - cylindrical
shells with thickness of 10 mm

Buckling resistance of the cylindrical shell of S275
carbon steel and 1.4301 stainless steel is given in figure
5.

The cylindrical shell of stainless steel has 12,5%
lower buckling resistance in comparison with the same
cylinder made of carbon steel, regarding the numerical
model without initial imperfections (MNA - materially
nonlinear analysis). Critical buckling stress obtained
from LBA analysis in Abaqus [1], for cylindrical shell
made from carbon and stainless steel with 10,0 mm
thickness of 509,3 MPa and 485,0 MPa, respectively.

400 1

Bez imp. / Without imp.
Imp.

10 15 20

Poduzno pomeranje (mm) /Longitudinal displacement(mn

b)

Slika 5. Nosivost na izboCavanje cilindri¢ne ljuske t=10,0 mm za razli¢ite vrednosti poCetne imperfekcije:
a) ugljenicni ¢elik S275; b) nerdajuci celik 1.4301

Figure 5. Buckling resistance of cylindrical shell t=10,0 mm for different initial imperfektions: a) carbon steel S275,
b) stainless steel 1.4301

Kod cilindri¢nih  ljuski od ugljeni¢nog celika,
imperfekciie od 1,0 i 2,0 mm izazivaju aksijalno
simetricno izboCavanje ljuske u zoni neposredno uz
oslonce, odnosno neposredno ispod zone unoSenja
opterecenja, kao na slici 6a i 6b. Oblik izbo¢avanja
cilindra od nerdajuéeg Celika, pri manjim vrednostima
imperfekcija, u obliku je nesimetricnog izboCavanja
(dimple buckling) u zoni uno$enja opterecéenja, koje je
prikazano na slici 6¢ i 6d, a koje se — kao karakteristi¢an
oblik izbo€avanja — zadrzava i pri povecanju imperfekcija
do 10,0 mm.

Takode, kod nerdaju¢eg cCelika, u oblasti napona
izmedu napona proporcionalnosti f, i konvencionalne
granice razvlagenja fo2 javlja se progresivni pad
tangentnog modula elasti¢nosti E:, Sto utiCe i na znatno
smanjenje krutosti koja je uodljiva na slici 5b, kod
cilindri¢nih ljuski od nerdajuceg Celika.

In the case of the cylindrical shells of carbon steel,
the imperfections of 1,0 and 2,0 mm cause axially
symmetrical buckling in the zone immediately next to
supports, i.e. immediately below the zone where the load
is applied, as given in figures 6a and 6b. The response
of the stainless steel cylindrical shell at lower values of
imperfections has the form of dimple buckling in the
zone where the load is applied, as displayed in figures
6c and 6d, which is a characteristic response of the
structure retained even when the imperfections are
increased up to 10,0 mm.

In addition, in the case of stainless steel, in the
stress range between the proportionality limit stress fp
and the 0.2% proof stress fo2 there is a progressive
decline of tangent elastic modulus Et, which causes the
considerable decrease of stiffness as observable in
figure 5b, in cylindrical shells of stainless steel.
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Slika 6. Izboc¢avanje cilindricne ljuske debljine od 10,0 mm za razliite vrednosti imperfekcija: a) 1 mm - S275;
b) 2 mm - S275; ¢) 1 mm - 1.4301; d) 2 mm - 1.4301

Figure 6.Buckling of cylindrical shell 10,0 mm thick for different values of imperfections - a) 1 mm — S275,
b) 2 mm — S275, ¢) 1 mm — 1.4301, d) 2 mm - 1.4301

4.2 Rezultati numericke analize — konusne ljuske
debljine 10 mm

Uticaj razli¢itih vrednosti pocetnih geometrijskih
imperfekcija zadatih u obliku prvog sopstvenog oblika
izbo€avanja na nosivost na izboCavanje konusne ljuske
od ugljeni¢nog Celika S275 prikazan je na slici 7.
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4.2 Results of numerical analysis - conical shells
with thickness of 10mm

The impact of different values of initial geometrical
imperfections on the buckling resistance of the conical
shell made of S275 carbon steel is given in figure 7.
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Slika 7. Nosivost na izbocavanje konusne ljuske t=10,0 mm za razliCite vrednosti poCetne imperfekcije
Figure 7. Buckling resistance of conical shell t=10,0 mm for different initial imperfektions

Kriti€an napon izboCavanja konusne ljuske od
ugljeniénog Celika debljine 10,0 mm, dobijen primenom
LBA metode u Abaqusu [1], iznosi 504,3 MPa. Odgovor
analizirane konusne ljuske jeste u obliku nesimetri¢nog
izboCavanja (dimple buckling) u zoni unoSenja
opterecenja, koje se kao karakteristiCan odgovor
konstrukcije zadrzava i pri povecanju imperfekcija do 10
mm (kako je prikazano na slici 8).

Critical buckling stress obtained from LBA analysis in
Abaqus [1] is 504,3 MPa for conical shell made of
carbon steel with 10,0 mm thickness. The response of a
conical shell made of carbon steel is in a form of dimple
buckling in the zone where the load is applied which is a
characteristic response of the structure retained even
when the imperfections are increased up to 10,0 mm, as
displayed in figure 8.
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Slika 8. Izboc¢avanje konusne ljuske debljine od 10,0 mm od ugljeniénog cCelika S275 za razlicite vrednosti imperfekcija:
a) 1 mm; b) 2 mm; ¢) 3 mm; d) 4 mm

Figure 8. Buckling of cylindrical shell 10,0 mm thick made of S275 carbon steel for different values of imperfections:
a) 1 mm, b) 2 mm, ¢) 3 mm, d) 4 mm

4.3 Poredenje dobijenih rezultata s proracunskim
preporukama i literaturom

Redukcija nosivosti cilindricne i konusne ljuske od
dva analizirana materijala debljine 10,0 mm, usled
poveéanja geometrijskih imperfekcija, prikazana je na
slici 9a. Na horizontalnoj osi prikazan je odnos zadate
pocetne geometrijske imperfekcije i debljine ljuske (w/t).
Na vertikalnoj osi prikazan je odnos nosivosti ljuske na
izboCavanje usled materijalne nelinearnosti i zadatih
pocetnih geometrijskih imperfekcija (oemnia) | bez
pocetnih geometrijskih imperfekcija (omna). Imperfekcija
od 1,0 mm izaziva redukciju nosivosti od 12% odnosno
17%, za ugljeni¢ni Celik i nerdajuéi Celik kod cilindri¢nih
ljuski, respektivno. Medutim, ova redukcija nosivosti kod
konusnih ljuski od ugljeni¢nog Celika za istu vrednost
imperfekcije znatno je manja i iznosi 2%. Takode,
povecanjem pocetnih geometrijskih imperfekcija do 5,0
mm, redukcija nosivosti dostize i do 45% kod ugljeni¢nih
Celika, odnosno 50% kod nerdajuceg Celika u slucaju
cilindriénih ljuski i 30% u slu€aju konusnih ljuski od
ugljeniénih celika. Cilindricne i konusne ljuske od
ugljeni€nog Celika pokazuju ujednaen pad nosivosti pri
povecanju imperfekcija, ali sa zna¢ajnom kvantitativnom
razlikom u pogledu vrednosti redukcije nosivosti. S
druge strane, cilindricna ljuska od nerdajuéeg Celika pri
povecanju imperfekcija od 5,0 mm do 10,0 mm pokazuje
maniji pad nosivosti, od 51% do 57% (kako je prikazano
na slici 9a), dok je kod konusne ljuske od ugljeni¢énog
Celika povecanje geometrijskih imperfekcija za istu
vrednost rezultovalo padom nosivosti od 20%. Konusne
cilindricne ljuske od ugljeni¢nog Celika pokazuju maniji
pad vrednosti napona izboCavanja u poredenju s
cilindri¢nim ljuskama, u proseku 10% za istu vrednost
pocetnih geometrijskih imperfekcija.

4.3 Comparison of the obtained results with design
recommendations and literature

The reduction of buckling resistance of cylindrical
and conical shell made of two analysed materials with
10,0 mm thickness caused by the increase of
geometrical imperfections is presented in figure 9a. The
horizontal axis represent the initial geometrical
imperfections amplitude vs. shell thickness ratio (wi/t).
The vertical axis represent the ratio between buckling
resistance shell due to geometrically and materially
nonlinear analysis with imperfections included (ocmnia)
and buckling resistance without imperfections (omna). An
imperfection of 1,0 mm causes the buckling resistance
reduction of 12%, i.e. 17%, for carbon steel and
stainless steel in cylindrical shells, respectively.
However, this reduction of buckling resistance of conical
shells of carbon steel for the same value of imperfection
is considerably lower and amounts to 2%. In addition, by
increasing the initial geometrical imperfections up to 5,0
mm, the reduction of buckling resistance is 45% for
carbon steel, i.e. about 50% for stainless steel in the
case of cylindrical shells and 30% in the case of conical
shells of carbon steel. Cylindrical and conical shells
made of carbon steel demonstrate a uniform decline of
buckling resistance as the imperfections increase, but
with a considerable quantitative difference in terms of
the values of buckling resistance reduction. On the other
hand, a cylindrical shell made of stainless steel, when
the imperfections are increased from 5,0 mm to 10,0 mm
exhibits a small decline of buckling resistance, from 51%
to 57%, as presented in figure 9a. In the case of a
conical shell made of carbon steel, the increase of
geometrical imperfections for the same value resulted in
the buckling resistance drop of 20%. Conical cylindrical
shells made of carbon steel show a lower drop of
buckling stress value in respect to the cylindrical shells,
which is 10% in average for the same value of initial
geometrical imperfections.
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Slika 9. Poredenje rezultata numericke analize s preporukama za proracun
Figure 9. Impact of geometrical imperfections

Poredenje rezultata numericke analize za cilindricne
ljuske od ugljeni€nog i nerdajuceg Celika s proracunskim
preporukama definisanim u EN 1993-1-6 [9], za krivu
izvijanja definisanu za klasu A proizvodnih tolerancija,
prikazano je na slici 9b. Analizirane su clindri¢ne ljuske
od Celika S275 debljine od 6,0 mm do 30,0 mm i od
nerdajuceg Celika 1.4301 debljine 10,0 mm. Prema EN
1993-1-6 [9], pocCetna geometrijska imperfekcija wk
odreduje se u funkciji polupre¢nika ljuske i njene
debljine, kako je definisano jednadinom (8), kao i
parametra lokalne izbo€ine Uomax=0,006 (dimple
tolerance parameter). Vrednosti zadatih pocetnih
geometrijskih imperfekcija prikazane su u Tabeli (1).
Ostvareno je dobro poklapanje rezultata numericke
analize za analizirane debljine cilindricne ljuske i
proraunskih preporuka za klasu A proizvodnih
tolerancija. Takode, na slici 9b prikazani su rezultati
numeric¢ke analize za cilindri¢ne ljuske od ugljeni¢nog i
nerdaju¢eg Celika debljine 10,0 mm i pocetnih
geometrijskih imperfekcija u opsegu od 1,0 do 10,0 mm.

Za cilindriénu ljusku debljine 10,0 mm od ugljeni¢nog
Celika S275 i geometrijske imperfekcije do 4,0 mm
rezultati numeriCke analize zadovoljavaju empirijski
definisane preporuke u EN 1993-1-6 [9], kako je
prikazano na slici 9b. Za imperfekcije ve¢e od 4,0 mm,
Sto su ujedno i vrednosti imperfekcije koju preporucuje
Evrokod za analiziranu cilindricnu ljusku i klasu A
proizvodnih tolerancija (Tabela [1]), rezultati numeri¢ke
analize ne zadovoljavaju proraCunske preporuke. lako
proradunske preporuke za ljuske od nerdajuceg cCelika
jo§ uvek nisu definisane, analiza ponas$anja ljuski od
ovoga materijala bila je posebno znacajna zbog
specificnosti njegovih mehanickih svojstava. Kada se
mehaniCka svojstva nerdajuéeg Ccelika primene u
proraunskim preporukama za ljuske, datim u EN 1993-
1-6 [9], uoCava se takode da se najbolja poklapanja
rezultata numeri¢ke analize, sa ovako definisanim
proradunskim preporukama, dobija za imperfekcije do
4,0 mm (slika 9b). Svakako, definisanje jasnih
proracunskih preporuka u ovoj oblasti zahteva opsezna
numericka i eksperimentalna ispitivanja.

Comparison of the results of the numerical analysis
for cylindrical shells from carbon and stainless steel and
the design recommendations given in EN 1993-1-6 [9]
for the buckling curve defined for class A of fabrication
tolerances is given in figure 9b. The analysis included
cylindrical shells with thicknesses in the range from 6,0
mm to 30,0 mm made from carbon steel S275 and shell
made from stainless steel 1.4301 with 10,0 mm thick-
ness. According to EN 1993-1-6 [9] initial geometrical
imperfection wk should be determined as a function of
shell radius, thickness and dimple tolerance parameter
Uomax=0,006, as given in eq. (8). The values of initial
geometrical imperfections are presented in Table (1).
The suitable prediction of results is achieved for analy-
sed cylindrical shells and design recommendations
according to class A of fabrication tolerances. Besides,
the results of numerical analysis for cylindrical shells
with 10,0 mm thickness made form carbon and stainless
steel with initial geometrical imperfections in the range
from 1,0 mm to 10,0 mm are presented in figure 9b.

The results of numerical analysis satisfy empirically
defined recommendations in EN 1993-1-6 [9] as shown
in figure 9b in the case of cylindrical shell with 10,0 mm
thickness made of S275 carbon steel with geometrical
imperfections up to 4,0 mm. The results of numerical
analysis fail to satisfy the design recommendations in
the case of imperfections larger than 4,0 mm which is at
the same time the value of imperfection recommended
by the Eurocode for the analysed cylindrical shell and
class A of fabrication tolerances (Table 1). Even though
the design recommendations for the stainless steel
shells have not been defined yet, the analysis of
behaviour of shells made from this material was parti-
cularly significant due to the specific mechanical proper-
ties of this material. When the mechanical properties of
stainless steel are implemented in the design recom-
mendations for shells provided in EN 1993-1-6 [9], one
may also observe that the best agreement of the
numerical analysis results with such defined design
recommendations are obtained for imperfections of up to
4,0 mm (figure 9b). Certainly, defining clear design
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recommendations in this field requires extensive
numerical and experimental research.

Tabela 1. Rezultati parametarske analize — cilindri¢ne ljuske — S275
Table 1. Parametric analysis results — cylindrical shells— S275

Kriti€an napon [MPa] / Elastic Nosivost elementa [MPa] / Buckling resistance [MPa]

i critical buckling stress [MPa]

(mm) | EN1993-1-6[9] | Abaqus[l] | EN1993-1-6[9] | EN 1993-1-6 [9] | Abaqus[1] | Abaqus[1] | KPF

Ox,rer=0,605ECxt/r OLBA Wk (mm) Ox,Rk=XxTy OVMNA OGMNIA

6 304,9 305,8 3 109,6 230,7 108,2 0,35
8 406,6 407,4 3,4 145,0 243,2 137,7 0,36
10 508,2 509,3 3,8 166,7 2479 151,6 0,30
12 609,8 610,8 4,2 182,1 250,6 163,8 0,30
15 762,3 762,7 4,6 198,3 253,4 183,4 0,24
20 1016,4 1016,4 5,4 215,6 256,9 193,9 0,19
30 1524.,6 1522,2 6,6 234,9 260,0 215,9 0,14

Komparativha analiza rezultata numeriCke analize,
metodom konacnih elemenata i proracunskih preporuka
datih u EN 1993-1-6 [9] za cilindricne ljuske od
ugljeniénog celika S275, debljine od 6,0 do 30,0 mm,
prikazana je u Tabeli (1). Geometrijske imperfekcije
zadate su prema preporuci za definisanje geometrijske
imperfekcije wk date u [9] za klasu A proizvodnih
tolerancija. Iste proracunske preporuke u pogledu
zadavanja pocetnih geometrijskin imperfekcija  wk
primenjene su i na konusnu ljusku od ugljeniénog celika
S275, s debljinom zida ljuske od 10,0 mm, kako je
prikazano u Tabeli (2).

Takode, u tabelama (1) i (2), prikazan je odnos
nosivosti cilindricne i konusne ljuske, dobijen primenom
GMNIA analize u Abaqus-u [1] i kritiénog napona
izboCavanja, koji je definisan u EN 1993-1-6 [9], Sto je
definisano kao redukcioni faktor (KDF - knockdown
factor). Napon izboCavanja, dobijen kao rezultat
geometrijske i materijalne nelinearnosti  (GMNIA),
dobijen u Abaqus-u [1] i primenom prorac¢unskih
preporuka u EN 1993-1-6 [9], ima priblizno iste
vrednosti. Razlika u ovako dobijenim rezultatima u
opsegu je do 10% za cilindriénu ljusku i 17% za konusnu
ljusku od konstrukcionog celika S275. Takode, ukoliko
se uporede rezultati numeriCke MNA analize s
rezultatima GMNIA analize u Abaqus-u [1], mozZe se
uocCiti da se s porastom debljine zida cilindri¢ne ljuske
razlika u nosivosti elementa, dobijena na ova dva
nacina, smanjuje. Moze se zakljuciti i to da se za
kompaktnije preseke, vece debljine zida ljuske, smanjuje
uticaj pocCetnih geometrijskin imperfekcija na nosivost
elementa, a povecéava uticaj materijalne nelinearnosti.

Comparative analysis of results obtained from
numerical analysis with design recommendations given
in EN 1993-1-6 [9] for cylindrical shells made of S275
carbon steel 6,0 to 30,0 mm thick, is given in Table (1).
Comparison of the results is performed in order to define
the compliance of numerical analysis with recommenda-
tions given in European standard. Geometrical imper-
fections are defined according to the recommendations
for geometrical imperfection wk provided in EN 1993-1-6,
Annex D [9] for class A of fabrication tolerances. The
same design recommendations considering definition of
geometrical imperfections wk are also implemented on
the conical shell made of S275 carbon steel, with the
shell wall thickness of 10,0 mm, as given in Table (2).

In addition, the relation between buckling resistance
of cylindrical and conical shells obtained using the
GMNIA analysis in Abaqus [1] and the critical buckling
stress which is defined in EN 1993-1-6 [9], defined as
knockdown factor - KDF, is given in Table (1) and (2).
The buckling resistance obtained as a result of
geometrical and material nonlinearity (GMNIA) in
Abaqus [1] and that obtained using the design
recommendations in EN 1993-1-6 [9] have
approximately identical values. The difference between
obtained results is in the range of 10% for cylindrical
shell and 17% for conical shell made form carbon steel
S275. When comparing the results of numerical analysis
for material nonlinearity (MNA analysis) without initial
imperfections and the results of an analysis including
geometrical and material nonlinearities (GMNIA) in
Abaqus [1], it can be observed that with the increase of
the cylindrical shell thickness, the difference in the
buckling resistance obtained by these two methods is
reducing. It can be concluded that for the more compact
cross-sections, having a higher shell wall thickness, the
impact of initial geometrical imperfections on the
buckling resistance is decreasing, and the impact of
material nonlinearity is increasing.
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Tabela 2. Rezultati parametarske analize — konusne ljuske — S275
Table 2. Parametric analysis results — conical shells — S275

Kriti€an napon [MPa] / Elastic
critical buckling stress [MPa]

Nosivost elementa [MPa] / Buckling resistance [MPa]

(mm) | EN1993-1-6[9] | Abaqus[l] | EN1993-1-6[9] | EN 1993-1-6[9] | Abaqus[1] | Abaqus[1] | KDF
Ox,Rer=0,605E Cxt/r OLBA Wk (mm) Ox,Rk=XxTy OMNA OGMNIA
10 504,3 504,8 3,8 166,0 263,3 200,8 0,40

Na slici 10 prikazana su poredenja rezultata
numeri¢ke analize za cilindri¢nu ljusku debljine 10,0 mm,
od uglieniénog i nerdajuceg celika, Ciji rezultati su
prikazani na slici 5 (sa geometrijskim imperfekcijama od
1,0 mm do 10,0 mm), s trenutno razvijenim empirijskim
preporukama za redukcioni faktor (KDF). Definisane
preporuke date su u formi krivih koje pokazuju zavisnost
redukcionog faktora i odnosa poluprecnika ljuske i deblji-
ne (R/t). Na slici 10 prikazane su preporuke za redukcioni
faktor prema NASA SP-8007 [14], modifikovane krive u
zavisnosti od odnosa duzine i polupre¢nika ljuske TH -
L/R=5 prema Wagner-u [18], eksperimentalni rezultati
prema Fligge-u i rezultati sopstvene numericke analize.
Modifikovana kriva TH - L/R=5 prema Wagner-u [18]
obuhvatila je zajednicki uticaj imperfekcija u opterecenju
i geometrijskih imperfekcija (SBPA — single boundary
perturbation approach), i za odnos duzine i polupre¢nika
ljuske L/R=5 definiSe znacajno nize vrednosti
redukcionog faktora (KDF) od preporuka datih u NASA
SP-8007 [14].

1 -
- = = = NASA SP-8007
08 - o Fligge - L/R=5
TH-L/R=5
0.6 - >« x Cilindri¢ne ljuske t=10,0
L Y- ~. mm S275 / Cylindrical she
S o~ t=10,0 mm S275
0.4 o B
— X T~ - __
b4 =
0.2 -~ %
0 T T 1
50 250 450 650

R/t
a)

Figure 10 shows comparisons of numerical analysis
results for a cylindrical shell of 10,0 mm thick of carbon
and stainless steel given in Figure 5 (with geometric
imperfections from 1,0 mm to 10,0 mm), with the cur-
rently developed empirical recommendations for the
knockdown factor (KDF). The defined recommendations
are provided in the form of the curves showing depen-
dence of the knockdown factor and ratio of the shell
radius and thickness (R/t). Figure 10 shows recommen-
dations for the reduction factor according to NASA SP-
8007 [14], modified curves depending on the ratio of the
shell length and radius L/R according to Wagner [18],
experimental results by Fligge and the results of the
presented numerical analysis. The modified curve TH -
L/R=5 according to Wagner [18] includes the mutual
impact of imperfection in load and geometric imperfec-
tion (SBPA - single boundary perturbation approach),
and for the ratio of length and radius of shell L/IR=5
defines significantly lower value of the knockdown factor
(KDF) from the recommendations given in NASA SP-
8007 [14].

1 -
— — — — NASA SP-8007
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0.6 S~ mm 1.4301 /JCyIinI:lricaI
w o~ - shell t=10,0 mm 1.4301
g 04 —2_  I---.
N4 2 —= -
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Slika 10. Redukcioni faktor za cilindricne ljuske: a) ugljieni¢ni ¢elik S275; b) nerdajuci ¢elik 1.4301 [18]
Figure 10. Knockdown factor for cylindrical shells - a) carbon steel S275, b) stainless steel 1.4301 [18]

Cilindricne ljuske od uglienicnog celika S275
pokazuju relativno dobro slaganje sa modifikovanom
krivom prema Wagner-u [18] za geometrijske
imperfekcije definisane u skladu s preporukama datim u
EN 1993-1-6 [9] za analiziranu duzinu i pre¢nik ljuske.
Za ljusku debljine 10,0 mm od ugljeni¢nog Celika S275 i
geometrijske imperfekcije od 1,0 do 3,0 mm rezultati
numericke analize zadovoljavaju empirijski definisane
preporuke prema Wagner-u [18]. Za imperfekcije od 4,0
mm, S§to su ujedno i vrednosti imperfekcije koju
preporucuje Evrokod za debljinu zida ljuske od 10,0 mm
i klasu A proizvodne tolerancije, rezultati su nesto
konzervativniji. Isto ponaSanje uoCeno je za vece
vrednosti pocetnih imperfekcija. Rezlutati numericke

The cylindrical shells made of S275 carbon steel
exhibit relatively good agreement with modified curves
by Wagner [18] for geometrical imperfections defined in
accordance with the recommendations provided in EN
1993-1-6 [9] for the analysed shell length and radius. In
the case of the shell 10,0 mm thick made of S275
carbon steel and the geometrical imperfections from 1,0
to 3,0 mm, the results of the numerical analysis satisfy
empirically defined recommendations according to
Wagner [18]. For imperfections of 4,0 mm, which are
simultaneously the imperfection values recommended by
the Eurocode for the shell wall thickness of 10,0 mm and
class A of fabrication tolerance, the results are slightly
more conservative. The same behaviour is observed for

40

GRADEVINSKI MATERIJALI | KONSTRUKCIJE 62 (2019) 1 (27-42)
BUILDING MATERIALS AND STRUCTURES 62 (2019) 1 (27-42)




analize za cilindri¢nu ljusku od nerdajuceg Celika takode
su konzervativni u poredenju s preporukama prikazanim
na slici 10b, ¢ak i za najmanje vrednosti imperfekcija od
1,0 i 2,0 mm. Ovakav rezultat je o€ekivan, imajuéi u vidu
to Sto su empirijske krive za redukcioni faktor, prikazane
na slici 10, razvijene na oshovu rezultata eksperi-
mentalnih ispitivanja cilindri¢nih ljuski od ugljeni¢nog
Celika.

5 ZAKLJUCAK

Na osnovu rezultata numericke analize, prikazanih u
ovom radu, mogu se izvesti sledeci zakljucci:

— Pocletne geometrijske imperfekcije imaju velik
uticaj na nosivost tankih kruznih cilindriénih i konusnih
ljuski. Imperfekcija od 1,0 mm za elemente debljine 10
mm izaziva redukciju nosivosti od 12% odnosno 17%, za
ugljeni¢ni Celik i nerdajuci Celik kod cilindri¢nih ljuski,
respektivno.  Povecanjem  pocetnih  geometrijskih
imperfekcija do 5,0 mm, redukcija nosivosti dostize i do
45% kod ugljeni¢nih Celika, odnosno 50% kod
nerdajuceg Celika. Ova redukcija nosivosti kod konusnih
ljuski od ugljeni€nog Celika dostize 30% u slu€aju
imperfekcija od 5 mm.

— Cilindriéne ljuske od nerdajuceg Celika pokazuju
progresivni pad tangentnog modula elasti¢nosti Ei, u
oblasti napona izmedu napona proporcionalnosti fp i
konvencionalne granice razvlacenja fo2 u poredenju s
ljuskama od ugljeni¢nog celika, $to utiCe na znatno
smanjenje krutosti.

— Poveéanjem debljine zida cilindricne ljuske,
smanjuje se uticaj poCetnih geometrijskih imperfekcija na
nosivost elementa, a povecava uticaj materijalne
nelinearnosti.

— Vrednost redukcionog (KDF) faktora za
imperfekcije definisane u skladu s preporukama EN
1993-1-6 [9] za cilindri¢ne ljuske od ugljeniénog Celika
pokazale su dobro slaganje s preporukama za KDF
faktora prema Wagner-u [18].

Kako je redukcija teorijske vrednosti kriti€nog napona
— koju propisuju standardi — velika, buduce
unapredivanje proracunskih preporuka bazirano je na
optimizaciji redukcionog faktora. Jedan od nacina jeste
formiranje i primena baze podataka o imperfekcijama
kruznih cilindri¢nih ljuski, na osnovu sprovedenih
eksperimentalnih ispitivanja (Imperfection Data Bank).
Time bi se omogucila optimizacija proracuna i
projektovanje za odredeni tip cilindra, analiziraju¢i samo
rezultate dobijene na sliénim tipovima. Pored
navedenog, namece se pitanje moze li se efekat
pocCetnih imperfekcija na smanjenje nosivosti izbeci
odgovaraju¢éim  dizajnom, odnosno  proizvodnim
kvalitetom. Na ovom polju postoje mnogi radovi, a svi oni
pokusavaju da dodu do ljuski neosetljivih na pocetne
deformacije. Moze se zakljuCiti da je polje analize
ponasanja kruznih cilindri¢nih i konusnih ljuski i dalje
umnogome otvoreno za istraZivanje.
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the higher values of initial imperfections. The results of
the numerical analysis for cylindrical shell of stainless
steel are also conservative in respect to the recom-
mendations displayed in figure 10b, even for the lowest
values of imperfections of 1,0 and 2,0 mm. Such a result
is expected regarding that the empirical curves for the
knockdown factor given in figure 10 are developed
based on the results of experimental tests of cylindrical
shells made of carbon steel.

5 CONCLUSION

Based on the results of numerical analysis presented
in this paper, the following conclusions can be drawn:

— Initial geometrical imperfections have a great
impact on the buckling resistance of thin-walled
cylindrical and conical shells. An imperfection of 1,0 mm
causes the buckling resistance reduction of 12%, i.e.
17%, for carbon steel and stainless steel cylindrical
shells, respectively. By increasing initial geometric
imperfections up to 5.0 mm, the reduction of buckling
resistance reaches up to 45% for carbon steel and 50%
for stainless steel. This reduction in the case of conical,
carbon steel shells reaches 30% for imperfection of
5mm.

— Cylindrical shells of stainless steel shows a
progressive decline of tangent elastic modulus E;, in the
stress range between the proportionality limit stress fp
and the 0.2% proof stress foz in comparison with carbon
steel cylindrical shells, which causes the considerable
decrease of stiffness.

— With the increase of the cylindrical shell thickness,
the impact of initial geometrical imperfections on the
buckling resistance is decreasing, and the impact of
material nonlinearity is increasing.

— The value of KDF factor for geometrical
imperfections determined according to the recommen-
dations given in EN 1993-1-6 [9] for cylindrical shells
made of carbon steel represent a good agreement with
recommendations given by Wagner [18].

As the reduction of the theoretical value of critical
stress, prescribed by the standards is high, the future
improvement of design recommendations is based on
the optimization of the knockdown factor. One way is
forming and implementation of a data base on imper-
fections of cylindrical shells based on the conducted
experimental tests (Imperfection Data Bank). This
facilitates optimization of calculation and design of a
specific type of cylinder, by analysing the result obtained
on the similar types of cylinders. In addition to the
previous, there is also a question whether the initial
imperfections effect, resulting in reduced bearing
capacity, can be avoided using appropriate design, i.e.
production quality. There are many papers on this topic,
and all of them are striving to attain the shells insensitive
to initial deformations. Therefore, it can be concluded
that the field of analysis of cylindrical and conical shells
behaviour is still largely open to research.
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REZIME

POREDENJE PONASANJA TANKIH CILINDRICNIH |
KONUSNIH LJUSKI OD UGLJENICNOG |
NERDPAJUCEG CELIKA

Kristina KOSTADINOVIC VRANESEVIC
Nina GLUHOVIC

Jelena DOBRIC

Milan SPREMIC

Tanke kruzne cilindricne i konusne ljuske pred-
stavljaju jedan od slozenijih konstruktivnih elemenata u
pogledu ponasanja i osetljivosti na izbo€avanje. U radu
je dat kratak teorijski osvrt, s prikazom razli¢itih, trenutno
dostupnih, proracunskih preporuka. Prikazana je nume-
ricka analiza uticaja po€etnih imperfekcija na nelinearno
ponaSanje kruznih cilindriénih i konusnih ljuski. Anali-
zirane su ljuske razliCite debljine zida, s konstantnim
vrednostima duzine i precnika ljuske, kao i s razliCitim
vrednostima pocetnih imperfekcija. Analiza obuhvata
uticaj materijalne i geometrijske nelinearnosti na pona-
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ju¢i eksperimentalne krive napon-dilatacija. U radu je
pokazano da materijalna nelineranost i po¢etna geomet-
rijska imperfekcija dovode do znacajnog pada nosivosti
na izboCavanije ljuski.
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SUMMARY

BEHAVIOR OF THIN-WALLED CYLINDRICAL AND
CONICAL SHELLS - CARBON STEEL vs. STAINLESS
STEEL

Kristina KOSTADINOVIC VRANESEVIC
Nina GLUHOVIC

Jelena DOBRIC

Milan SPREMIC

Thin-walled cylindrical and conical shells represent
one of the most complex structural elements considering
their behaviour and susceptibility to buckling. A brief
theoretical review including the presentation of different
currently available design recommendations is given in
this paper. Influence of initial imperfections on nonlinear
behaviour of cylindrical and conical shells is also
presented through numerical analysis. Shells with dif-
ferent wall thicknesses and different values of initial
imperfections, but constant length and diameter of shell
are analysed. Numerical analysis includes materially and
geometrically nonlinear analysis of cylindrical and conical
shells, using experimentally obtained stress-strain
relation of carbon steel and stainless steel. Material
nonlinearity and initial geometrical imperfections resulted
in significantly lower buckling resistance of shells.

Key words: medium-length shells, post critical beha-
viour, initial imperfections, buckling, knockdown factor
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