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Abstract

Assessment of buckling resistance of pressuriskdragal cap is not an easy task. There
exist two different approaches which allow to agkighis goal. The first approach
involves performing advanced numerical analysesvlich material and geometrical
nonlinearities would be taken into account as wagltonsidering the worst imperfections
of the defined amplitude. This kind of analysiscisstomarily called GMNIA and is
carried out by means of the computer software baseEM. The other, comparatively
easier approach, relies on the utilisation of eanirepared procedures which enable
determination of the critical resistangg,, the plastic resistancpg, and buckling
parametersy, 5, n, Ao needed to the definition of the standard buckiegjstance curve.
The determination of the buckling capacity curvetfe particular class of spherical caps
is the principal goal of this work. The method @ftetmination of the critical pressure
and the plastic resistance were described by thkoeuin [1] whereas the worst
imperfection mode for the considered class of dphkeshells was found in [2]. The
determination of buckling parameters defining thhekling capacity curve for the whole
class of shells is more complicated task. For teigson the authors focused their
attention on spherical steel caps with the radiuthickness ratio oR/t = 500, the semi
angle ¢ = 30° and the boundary condition BC2 (the clamped supupedge). Taking
into account all imperfection forms considered2h4nd different amplitudes expressed
by the multiple of the shell thickness, sets ofkiing parameters defining the capacity
curve were determined. These parameters were detmirhy the methods proposed by
Rotter in [3] and [4] where the method of deterrtioma of the exponent by means of
additional parametdr was presented. As a result of the performed aeslifse standard
capacity curves for all considered imperfection sw@nd amplitudes @,51.0t, 1.5t
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were obtained. Obtained capacity curves were coedpaith the recommendations for
different fabrication quality classes formulated5h

Keywords: steel spherical shells, buckling resistancapacity curve, numerical
approach, FEM.

1. INTRODUCTION

To design steel slender shell structures desigmars to fulfill the whole set of
so called limit states specified in EN1993-1-6. Rte shell in which
compressive stresses dominate the buckling lindtes{denoted as LS3 in
EN1993-1-6) is usually the most decisive. The apphopresented in the clause
8.5 of the EN1993-1-6 rely on the determinationhef buckling reduction factor
Xy which enables the assessment of the bucklingtaesis on the basis of plastic
resistance,y is the function of relative slendernegsand this relationship is
called the buckling capacity curve. This approasithie very strong and easy
tool in designer's hands. There is a problem yetw ho determine four
independent parameters defining the buckling redactfactor y? This
parameters are: the elastic imperfection reductamtor a, the plastic range
factor S, the interaction exponentand the squash limit relative slendernéss
Values of these parameters can be found in the Abnef the EN1993-1-6 for
selected classes of shells. There is no proposahto spherical shells in the
Annex D. An alternative approach has been proposga].

In the present work the derivation of the above tinaeed buckling parameters
for the segment of spherical shell loaded by thtereal pressure is presented.
Final results in a form of capacity curves were pared with counterparts from
[6] for the same amplitudes of imperfections.

To determine the buckling parameters one shouldoperthe sequence of
numerical analyses, starting from LBA analyses frevhich the critical
resistance is obtained, then MNA analyses from ki@ plastic resistance is
obtained and finally GMNIA analyses from which theckling resistance of the
shell is obtained. All mentioned analyses in thimkwvere performed by means
of the COSMOS/M system [7] based on FEM. Havingligposal the whole set
of results of the analyses above for the givensctdsshells one can proceed to
the determination of buckling parameters 5, 17, Ao. These coefficients of
buckling capacity curve depend on the considergaeifection mode and the
adopted imperfection amplitude. The procedure leatlh the determination of
these parameters was presented on the example gplierical cap of the radius
to thickness ratidr/t = 500, the semi angl¢ = 30° and the clamped supporting
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edge. This shell is presented in Fig. 1 togethigh the material parameters
used in materially nonlinear analyses.

The imperfection mode taken into account in theaitkd analyses of the
example had the shape of the first buckling mod¢hefideal shell and was
denoted as the no. 6. In all considered examplesntiperfection amplitudes
were equal to 0t51.& and 1.5.

The other sets of buckling parameters, for remgirsix imperfection modes
(seven imperfection modes were considered) and riegtéon amplitudes,
which equal to 05 1.0, 1.5 respectively, were determined in the analogous
way. Final results were compared with the existlagign recommendations [5].

2. THE STANDARD CAPACITY CURVE

Rotter [4] has proposed the elastic-plastic bugkiieraction rule which, as the
standard capacity curve, was later introduced inlB8B-1-6 as a method of the
buckling resistance assessment of steel shellsaklfs into account elastic,
elastic-plastic and purely plastic buckling statéshells with the worst modes
of imperfections. The capacity curve defines thekling strength reduction

factor y as the function of the relative slenderness

p
WA
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R a /

| E=205GPa, £;=205Pa, !
f=235MPa, v=0.3 N\ lp /R=80m,
“\ [ t=16 mm,

& ¢ =30"

Fig. 1. The materialmodel and the steel spherivall sonsidered in the work

A= /ﬂ (2.1)
pRcr

wherepg,, is the critical pressure obtained for the analygsametrically perfect
shell as a result of LBA (linear buckling analysasjalysis in which only linear
material model was taken into account @pgis the plastic resistance obtained
as a result of MNA (materially nonlinear analyses)jalysis for the material
model shown in Fig. 1. Both quantitipg,, andpg, can be treated as reference
values in the procedure leading to the bucklingstasce assessment.

The buckling strength reduction factgrdefines the characteristic value of the
buckling resistance by means of the plastic rast®taln the case of spherical
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caps loaded by the external presspréhis dependence can be expressed as

follows:

Pric = X Prpl

2.2)

wherepg, is the characteristic value of the buckling resise.
To obtain the design value of this quantity oneuthaise the following formula

Pra

= Prec

Vv

(2.3)

in which y,,, is the partial factor for resistance to bucklindinked for steel
structures in EN1993-1-6 and adopting the valuesnwller than 1.1.
The buckling strength reduction facpprs defined as follows:

x=1 when  A<A,
Ui
—1_ A=A
X—l ﬂ m when /10</1 </1p (24)
a
)(=? when A=A,

where: A is the squash limit relative slenderness, is the plastic limit
relative slendernesgi denotes the plastic range factor apd the interaction

exponent.

1,0

|y =& plastic limit of the idealized
Prpi perfect structure pg, = pg,
plastic \\ 7777777777 e elastic critical
\ % stability limit of
0 L1 W the idealized
charagteristic %;é/ 1 ¥ / structure pg, = Prer
carrying capacity D, N N
Fe) LY
of the|real / /%;,\\ %5 1 elastic critical
structiire Pg, = %Py e R 5 stability limit of

Soo— the imperfect
structure pg, = oPg

Fig. 2. Standard capacity curve
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The first interval of the relative slendernedx< A, means that only purely

plastic deformations can occur during completerdesbn of the shell. Within
the intermediate interval, <A < A, the elastic-plastic collapse mechanism can

take place. Forl > 4, the collapse mechanism (the buckling) is purelgteda

The shape of the standard capacity curve is detiryeduckling parameters,
B, n, A, A, and is presented in Fig. 2. Only four buckling graeters are
independent. The fifth ond, is defined by the formula:

A= —— (2.5)

and this relationship follows from the continuityndition at the transition point
from the second to the third interval of the capacurve.

Knowledge of the capacity curve for the particudase of the shell of definite
boundary conditions and the load case allows aydesito assess the buckling
capacity. In most cases of shells it is the mosiisiiee parameter as far as
design criteria are concerned.

3. THE MODIFIED CAPACITY CURVE

The determination of buckling parametersg, 7, Ao, A, defining the standard
capacity curves is not an easy task. Rotter [5ppsed the effective procedure
leading to determination of these parameters. T® ¢hd so called modified
capacity curve should be generated. On the absaisdhis plot the
GMNIA/LBA ratio is depicted while on the ordinateet GMNIA/MNA ratio is
reproduced. The only variable in these analyselessalue of the yield stress
which helps to control the relative slendernessirafividual cases. This
approach was chosen to the precise determinatiafl bfickling parameters of
the definite spherical cap.

The general shape of the modified capacity curvehswn in Fig. 3. The full
explanation of this shape is given in [3] and [5].

The curve like this was created for the spherie@l of geometry and other data
specified in Fig. 1. The imperfection mode taketo inccount in the example,
which was analysed in details, had the shape ofitsiebuckling mode of the
ideal shell and was denoted as no. 6. The modifégxacity curve obtained for
the imperfection amplitude equal to Di§ shown in Fig. 4. Having this plot the
parametera = 0.313 and the value dfS = 0.185 were determined. The first
one is defined by the vertical segment of the grapkd the other one is
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determined by the level of the fold of this vertipart of the plot. It is worth
mentioning that these both parameters stronglhcaffe final buckling capacity
of the shell.

-1 X=1—B[k_x°]
y =Du@ms X )

Prpimna)

Points obtained for
different values of f;

The curve for the given
imperfection mode and
for the assumed amplitude

DRy (GMNI4)

DPRer(LBA)

}\’g o 1,0

Fig. 3. The modified capacity curve

In the presented case and also in the other demsl cases the horizontal
segment of modified capacity curve which definee tralue A;> was not
registered. For this reason in all analysed casesas assumed that this
parameter adopts the valdg=0.

To determine the interaction exponentthe direct formula proposed by Rotter
[5] was adopted. This formula has the followingnfior

In-k) -In 8

o[ [a (3.1)
In(Wa - A,) |n( Yy AOJ

In this formula the value df is required. The value df is determined as the
intersection point of the modified capacity curvathwthe straight line
connecting points (0, 0) and,(1) and shown by the dashed line in Fig. 4.

In this manner all parameters describing the stahcapacity curves, S, 1, Ao,
A, were determined. Having determined the paramékersstandard capacity
curves can be plotted for all considered modesnperfections and for three
different amplitudes of imperfection which weredakinto account.
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Fig. 5. The standard capacity curve for imperfettimode no. 6
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4. THE STANDARD BUCKLING CAPACITY CURVE

The knowledge of all parameters describing the dateth buckling capacity
curve makes it possible to determine the curve awithany difficulty. The
buckling capacity curve for the particular case sidered in clause 3 is
presented in Fig. 5.

In this graph it is clearly visible the point ofrsition from the elastic-plastic
range into the purely elastic range. It occursherrelative slenderness valde

= 1.301. Within elastic-plastic range two curvegaveompared. The first one
(maroon squares) was obtained directly from the arigal analyses (the ratio
GMNIA/MNA for different 1) and the other one (orange circles) was depicted
by means of the standard formulae describing trige of the capacity curve by
means of the determined buckling parameters.

It is visible that the maroon curve does not reatieel.0 level on the ordinate
axis, thus the typical plastic plateau was not medc So the dimensionless
buckling resistance adopts the value of 0.78 netvéidue of 1.0 which follows
from the standard formula. Hence, keeping in mimal best fit of the standard
plot and obtained numerical results, the necessftythe obtained graph
“trimming” has arisen. In this manner the horizorgagment of the buckling
capacity curve was created till the abscissa val2173. Within the remaining
range of relative slendernességhe correspondence of both approaches was
achieved on the level of 0.997. In this figure tagacity curve proposed in [6]
was presented as well.
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Fig. 6. Standard capacity curves for different infipgetion modes of amplitude Q.5
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In Fig. 6 seven standard capacity curves are ptedgefor imperfection modes
analysed in [2] and for the amplitude ©0.Bdditionally in the same figure the
capacity curve determined according to EDR 5thf@B]the amplitude 8.1 mm
(0.5=8 mm) (Q=44) was presented. It is distinctly sd¢bat none of the
analysed shells, with imperfection amplitudes dit,0reaches the level of full
plastic resistance (the level 1.0). The lowest @afithe plastic resistance was
equal to 0.78 and was obtained for two differentde® of imperfections,
namely imperfections no. 6 and no. 7.

Besides, these modes of imperfections (the firdttaa second buckling modes)
exhibit the lower by far level of capacity than thalue suggested by the
existing recommendations. It refers to the neatphe elastic-plastic range. It
is an evidence that within this range the buckliagacity determined by the
procedure proposed in EDR 5th [5] leads to sigaificoverestimation of this
important measure of the shell resistance.
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Fig. 7. Standard capacity curves for different infippgetion modes of amplitude 1.0

In Fig. 7 and in Fig. 8 analogous standard buckloapacity curves are
presented for the same imperfection modes but &wgel imperfection
amplitudes and namely 1.Bnd 1.5 respectively. The obtained capacity curves
were again compared with their counterparts propasg5]. These families of
the capacity curves were obtained in exactly tmeesaay as the capacity curve
shown in Fig. 5.
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Figure 9 presents envelopes of capacity curvesir@atafrom the families
presented in Figs. 6, 7 and 8. These envelopesatedihe actual level of the
buckling resistance of the considered sphericdlshe
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Fig. 8. Standard capacity curves for different infippgetion modes of amplitude 1.5

5. RECAPITULATION

Elastic, elastic-plastic and plastic capacities tlé pressurised caps were
considered in the paper. The standard proceduremmeended in [5] were
adopted. All steps of this procedure were presentedietails for most
destructive imperfection modes determined in [2H a@n reference to the
spherical caps of the roadius to thickness mafie= 500, the semi anglg = 3¢
and the clamped basic circle. As a final results shkandard capacity curves
were obtained and compared with the other propmgaented in [5]. It turned
out that the present solution gives smaller estonatf buckling capacity in the
plastic and elastic-plastic range and nearly threesastimation for the purely
elastic range. These results should arise the sityriof civil and mechanical
engineers and designers of steel spherical shells.

Presented results refer only to the considereds ctdsspherical steel caps
subjected to external pressure. The caps of anahberangles and other
supporting conditions will be considered in therfeéure.
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The comparisons of the proposals presented in [sjws especially big

discrepancies within the plastic and within thdiahipart of the elastic-plastic
intervals. In the case of the highest imperfectemplitudes the existing
proposals are two times higher than the assesgmapbsed in the present work
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Fig. 9. Final shape of derived capacity curvesaforst imperfection modes
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KRZYWE NOSNOSCI WYBOCZENIOWEJ STALOWYCH POWLOK
SFERYCZNYCH OBCAZONYCH CISNIENIEM ZEWNETRZNYM

Streszczenie

Oszacowanie rmosci wyboczeniowej stalowej powtoki sferycznej odfainegj
cisnieniem zewstrznym nie naley do tatwych zad@d Istniep dwa sposoby, ktérymi
mozna sé postzy¢ aby osigna¢ ten cel. Pierwszy z nich to wykonanie zaawansowsiany
analiz numerycznych, w ktérych uwzgdhione zostan nieliniowosci geometryczne i
materialowe oraz najbardziej niekorzystne formy énfipkcji geometrycznych o zadanej
amplitudzie. Ten typ analizy nosi nagBMNIA, a wykonuje s} ja z wykorzystaniem
oprogramowania komputerowego bamggo na MES. Druga metoda, watdyhie prosta,
polega na wykorzystaniu gotowych procedur,ekizktérym mazna okrgli¢ nasnosé
krytyczra, nosnos¢ plastycza powtoki oraz parametry wyboczeniowe S, 7, Ao,
niezlxdne do opisania klasycznej krzywejsnosci. Wyznaczenie krzywej aosci dla
pewnej klasy wycinka powitoki sferycznej jest gléwmycelem tej pracy. Sposob
szacowania rimosci krytycznej i plastycznej autorzy przedstawili pvacy [1], z&
okreslenie najbardziej niekorzystnej imperfekcji georyemnej dla badanej rodziny
powtok sferycznych w pracy [2]. Wyznaczenie paratet wyboczeniowych
opisupcych klasycza krzywa nosnosci jest znacznie trudniejszym zadaniem, dlatego te
autorzy niniejszej pracy wybrali do badaodzire powlok stalowych o stosunku
promienia do grubi@i R/t = 500, potéwkowym kcie rozwarcia powtokig = 3@ i
sposobie podparcia BC2 (podparcia sztywne). Ugdrghjac wszystkie, okrdone w
pracy [2], formy imperfekcji geometrycznych oznfch amplitudach (odniesionych do
grubaci t) wyznaczono zestawy parametréw wyboczeniowychndgdicych krzyva
nosnosci  wyboczeniowej. Parametry te oki@no postuguic sk procedurami
proponowanymi przez Rottera w pracy [3] oraz w prE], w ktérej to przedstawiono
sposdb wyznaczania dodatkowego wspoétczynrikastuzacego do bezpwedniego
wyliczenia wyktadnika 7. Rezultatem przeprowadzonych analiz typowe krzywe
nosnosci dla kadej z form imperfekcji o amplitudach wiel@ 0,%, 1,0, 1,5.
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Otrzymane krzywe poréwnano z obawmiljacymi zaleceniami sformutowanymi w [5]
(EDR5th) dla rénych klas doktadnii wykonania.

Stowa kluczowe:  stalowe powtoki sferyczne, sma@¢ wyboczeniowe, krzywe
nosnosci, model numeryczny, MES
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