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ABSTRACT 
Recently, the authon published results of plastic buckling 

analysis of cyiindrical shells Ideal elastic-plastic material 
behavior was used for the analysis Subsequently, the 
buckling analysis program was continued with the realistic 
stress-strah relationship of a stainless steel alloy which does 
not exhibit a clear yield point. The plastic buckling analysis 
was carried out through the initial stages of strain hardenmg 
for various internal pressure vaiues. The computer program 
BOSOM was used for this purpose. The results were 
compared with those obtained h m  the idealbed elastic- 
plastic relationship using the o f h t  stress level at 0.2% strain 
as the yield stress For moderate hoop stress values, the 
realistic stms-strain case shows a slight reduction of the 
buckling strength. But, a substantial gain in the buckling 
strength is obselved as the hoop stfess approaches the yield 
strength. Most importantly, the shell retains a residual 
strength to carry a small amount of axial compresshe load 
even when the hoop strcss has exceeded the o&t yield 
Strength. 

INTRODUCIlON 
The axial Compre.sive strength of a perfect cylinder can be 

obtained by using the classical elastic shell theory. In reality, 
due to the presence of unavoidable geometric imperfections, 
the strength is far less than this classical solution. Internal 
pressure. ifpresent, can reduce the geometric imperfections 
and the shell regains some of the lost compressive strength. 
At high internal pressure when the hoop stress is a large 

fraction of the material yieid strength, the biaxial stress state 
plays a key role in controlling the shell compressive strength, 
and plastic collapse is predicted prior to elastic bifurcation 
buckling. nese shell behaviors have been extensively studied 
in the literature VASA, 1968; ECCS, 1988; Miller, 1991: 
Bandyopadhyay. 1993; Priestley, 1986; Rotter, 1985 and 1989; 
Saal, 19n. Vandepitte, 19801. Recently, the authors 
Summarized these results and compad with their own 
analytical work (Bandyopadhyay, 19941. Elastic-perfedy- 
plastic stress-strain curves were used in these shell buckling 
and plastic coilapse analyses. In order to determine the 
effects of a realistic stress-strain relationship on the 
compressive strength, further analyses have been performed 
This paper presents the results of these analyses. 

SHELL GEOMETRY 
The geometry considered in the analysis is the same used in 

earlier studies pandyopadhyay, 1993 and law]. A 4Gf-t 
high cirmlar cyiinder contains an inward bulge of shape (1- 
d) located at the bottom (Figure 1). The length of the 
bulge, L is given in terms of the radius, R and shell thickness. 
t, as follows: 

(1) L = 4 . 0 4 E  

The magnitude of the bulge in the radial direction, e. is given 
by 
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Figure 1 Modeled Imperfection Shape 

S T R E S S - w  CURVES 
The Cynmder is assumed to be fabricated from a stainless 

steel allay (304). The comsponding stressstrain curves an 
shown in Figure 2. Curve Ashows the actual (st9 there is 
some appmhasion m interpolation of tcst data) mess- 
strain relationship. As expected. the material does not have 
a dearly defined yield strength. Chsidering the ofht  stnss 
at 02% strain as the yield strength, the ideal elastic-plastic 
relationship is cxblMui by Curve €3. Near the yield 
strength, Cum B shows higher strength and stiffness than 
Curve A. At a higher strain, Cunre A s b w  straiu 
hardening that k obviously absent for the elastic-plastic 
reiationship, Le, Curve B. 
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.hiALYSXS RESULTS 
The cylinder has been analyzed by usrng the EOSOE 

computer program (Bushell. 1974'JI. First. simlar to eadie: 
work ~andyopadhyay. 19W], the analysis has been performed 
with the idealized elzsric-plastic curve for the geometry 
considered in this paper. The buddin~koUqse stresses at 
internal pressure. p. md for RA = Mo. 900 and 1500 31c 
presented m Figure 3. The axial stress ud, s 
nondimensionalized with respect to the classical elastic 
buckling stress. U& Similarly. the hoop stress 3 
nondimensionalizcd with the yield strength. F, . The results 
an then compared with the ECCS FCCS. 19881 and New 
Zealand Code [prestley, 19861 formulas Shawn in Hgurrs 4 
through 7. The BOSORS results compare well with the Code 
results As reported m earlier wok m the plastic range. a 
better correlation is observed with the ?Sew Zealand results. 
and also with the ECCS results provided the additional faaor 
of safety is reduced to 1. 
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Figure 3 Influence of Internal Pressure on h i d  Comprtsivc 
Strength for Idealized StrcssStrain Retationship 
(curve B) 
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Figure 2 Stress-Strain C w e s  for 304 Stainless Steel 
Figure 4 Comparison of Compressive S t r e s s  :'cr 

Rt = so0 ( m e  B) 
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Figure 5 Comparison of -al Compressive Stresses for 
R i t = 9 0 0 ( ~ B )  

. .- 

a8 - 

ao 0 2  0.4 as 1.0 
P W W F Y  

Figure 6 Comparison of Axial Comprcsive Stresrcs for 
R h = l S c x , ( a w t B )  
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B (Figre S). Very little difference between the two SLS or‘ 
results is observed at low internal pressure. As pressure 
increases. 4 siiyht reduction of &e axial strength is noted for 
Curve A due to the uncwservative values of the SKSS a d  
stihess for Curve B aear the idealized yield poittt Y 
mentioned earlier. However. a significant difference between 
the two a w e s  is observed at high prcsures when h q  
stresses approach and exceed the yield strength. This is due 
to the strain hardening effect available with the red ares- 
strain diagram, Le, Curve k Most importantly, the shell 
retains a residual comprcsion-carrying capacicy at and even 
beyond the point where the hoop stress reaches the material 
yield strength. This residual compressive strength is the d t  
of the stifbess that remains only with the red strcss-strain 
curve (Le.. Curve A) rather than the idealized elastic-plastic 
cuwe ( is . .  Curve B). 
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The comspondmg displacements of the cylindrical sheil as 
the axial load incrrases for a given hoop strcss am shm in 

piotted. The initial axial deformation c o r r e s p d ~  to the 
effect of the hoop stress ( i i  Poisson’s effect). As the axbI 
toad increases, the deformation for awC A camparrd to that 
for Came B becomes larger. 

Figures 9through 12 Both axial and radial dsplacementr are 
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Figure 9 Load-Deflection Curves: Axial Shortening 
%F, = 0.75, R,’t = 900 



- awn* - awns 

a02 

0.0 ai 0.2 0.3 a4 as as 

f 
- awns 

0.04 

a02 

Mo 
0.0 ai 0.2 0.3 a4 as as 

h u t h e r  major &Terence between the results of the two 
stress-strain curves is in the hilure mode. For the elastic- 
perfectly-plastic cuwe. 3t low pressure the shell buckles fim 
and at high pressure plastic collapse governs the axial strength. 
For the disric  stress-strain c11lvc. the controlling failure 
mode is buckling since some amount of stit%ess remains m n  
3t a high strain. For exunple. in Figure S (Cclr~e A), when 
the hoop stress rexhes the yield strength (k. offset dress at 
0.2% strain). the effective plastic strain is 053% indicating 
steady st&ess at that point (Figre 2. (Iwe A). 

SUMMARY AND CONCLUSIONS 
I f a r e d  stresstrain CUIVC bused instead of an idealized 

perfectly elastic-plastic awe,  the Following observations can 
be made: 

.\t small internal pressure, thm is no difference betwecn 
the buckling capacities c o m p d m g  to the two sets of data 

At moderate internal pressure (e& hoop etres = 0.25 to 
09 of yield strength), there is snall ducrian of the axid 
compressive strength for the real strcss-strain 

For large internal pressure with the hoop stress approaching 
the yield strength. the buckling capacity reduces gradually for 
the real stresstrain c u ~ e  compared to the h a r p  decime fbr 
the perfectly eiastic-plastic relatiomhip. 

FOt a hoop stress at or SiightIy beyond the yield strength, a 
residual axial compressive strength is observed for the real 
StrcStHtrain cmre. 
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The failure mode for the ideal elastic-plastic cwc B 
budding at law pressure a d  piastic con- at bjgh prryurr. 
The failure mode for the real strrs3-irtrain relathship i s  
buckling until the hoop stress exceeds the yield strengtk 
beyand rhi the large strain may contrd the design depending 
on how large astrain cau be accepted. 

Unlike a finite element model, the BOSORS mathematical 
model does notbecome adjusted forIarge strain ad- 

above observations seem to be coosistent with earthqu*e 
experience data that indicate residual axial strength even when 
the hoop stress reaches the material yield strength. the eract 
values need to be vtrScd with an appropriate mdepcndent 
fhite element analysis model. The authors expect to p m t  
such results m a future publication. 
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