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Number of studies on the buckling of thin cylindrical pressure vessels, such as submarine pressure hull and pipe with a large
ratio of diameter/thickness, have been carried out in the naval and ocean engineering, However, research about thick cylinder
pressure vessel has not been active except for the specific application in nuclear area, There are not many papers for the estimation
of buckling and ultimate load capacity of thick cylinders for the deep sea usage. Thus, it is important to understand the theoretical
bases of the buckling and collapse process and the derivation process of such loads for the proper design and structural analysis,
The objective of this study is to survey the collapse behavior, to analyse and clarity the derivation procedure and to estimate
the ultimate collapse load for thick cylinder by analyzing relevant books and papers, It is found that the yielding begins at the
internal surface of the thick cylinder and plasticity develops from the internal surface to the external surface to generate collapse,
Also the initial imperfection of cylinder develops flattening and consequently accelerates buckling and finally ultimate collapse,
By comparing the collapse loads of aluminum thick cylinder by applying equations herein, it is shown that the equations analyzed
are appropriate to obtain collapse load for thick cylinder,

Keywords : Thick cylinder(S=7{2 AIZIE), Pressure vessel(LIRfE71), External pressure(2|)), Hydraulic pressure(£=2{), Buckling load(Zt=5t
%), Collapse load( 21I5E), Ovality('HSE), Imperfection(E2HF1A)
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Fig. 1 Lobe chart for elastic buckling of thin cylinder
(Fig. 7-9 in Timoshenko & Gere (1961))
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Fig. 2 Buckling failure by Harvey(1991)
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Mises S={0| Z[C{7} =}, BRIk (radial) 8242 00| =2 1, ZojM Lo Fekg UK plon] ot gle 2 A
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= EMMZIZSES (elastic buckling pressure) 2| (3.3.23.a)2
ARUA R (plastic limit pressure) 4! (3.3.23.b)F &2 gt
ol z=elAIsHE(=)o| Ec 4 (3.3.23.a)2 8<D/t<15 of

cheictal siQi=d, of Higo0| MY 322 (D/t-1=D/t)2
imoshenko & Gere (1961)2] 4! (2.2)1} ZrofrICE 4

rh —|I:I
o
s
_|

(3.3.23.b)2 D/t>60l| Chal| Mekslo A (3.3.22.c)2F SL5iC)
E 1

=2 - 3.3.23.a

(JE 177/2 2(2_ )2 ( )
t\t

q, =20 i(1+0.5i) (3.3.23.0)

oFH SR AEre] A2, i 3242 S=o=1/2-g:D/t

Hob AHE 4= A0{ Al (3.3.23.a)2F A (3.3.23.b)2] o, 2 S

E 1
Sp=—"5 3.3.24.a
t

5, = (Hli) (3.3.24.0)
0~ Ou 5D .0.24.

O|AHZ Al (3.3.22.a)0 X3stH Sl 32 4
(3.3.25)0]ct.

1D 1,2 by D
Su=gary =5 (o) (3.3.25)

M7} Qholx|H Lielf EHel 20| HsHE (Corradi et
al., 2011)2 M&35}H 4l (3.3.23.a~b)2 cl=21} Zo| MEx}
=5t54! (3.3.26.a)1F AMEZSEEA] (3.3.26.0h)2 =1 F
a5k W SEH(F= o)Al Ment Mol w2} (3.3.26.c)0llA],

Fe, FoZtb EICE

. E [tV
Pr=27" 75 (5) (3.3.26.2)
=20, (3.3.26.0)
0 u D .. .
E t
FE* 1— 1/2 (5)2’ 0 Oy (3326C)

= MZ S2H0L (3.3.23)0lA, H|w
e e LT
Tre| Zolle DAt MAHE F, k=1/(1-%)(E/a) 0|22 A
=V (po/pe)=(1//K) (D/t) 2t 20| FAFSHE T H|S0| ZEE
Ch A =12 F 29 4A o], A>10|12 gu>q:0lH 0|25
<10]|1! <0 A S17} EICt (Fig. 3).

Yoo (2010)0llM= FH Alglir{e] 21|2f24AIS Corradi(2009)
o 20| guE AREBsIen FHR AMEld siY== H[E0|
6.8, 102l AZIH Mg o & Ect of2 ARiHe 49, ¥y
CHHO| FX|=X| 2L 87| 2ol 2915 &4 Imperfection)

ol AeH, 2ol HAISH &5/t 2t of 22 U=of

ME gr=at mjcto] g 5= Qlek

\ 12 \ L9
2 2

elastic buckling mode plastic collapse mechanism

Fig. 3 Mode shapes for elastic and plastic collapse
(Corradi et al., 2011)

3.3.4 MY=ZA| X|x|cHe] &3}

(Harvey, 1991) 2slofl, Z1Zof H[si Zo|7} &1 Btiof &
2RIt = Aeirie] Aoz B X[X|of 2fs) two-lobe &
C} BEST} ZolX|22 MEEZE Mylx|e| elAH Qo] Al
(3.3.27)1} 20| HA = ct HiH of 71 Al2lirL FE29
A2, Al (3.3.27)2 (Harvey, 1991 2812| Fig. 8.110]l HIAIE!
ZI0|/HIX|2 H|Q} 2ESR M=) K 22 AkEsio] ches)
Zlok

r

1_
P= (15_7’ o — (3.3.27)
N % 1)(1+”22)
T
2 2n2*1*,u
+ 2[712 1+ 7 J]
1+
7[_27,2

3.35. Hxo| JE

AlBICol| A 2| K = (noncircularity or ovality)= 24&do| ekst
2, HME= HEe B7UME ofolsict AMRIHO| HEEs
Timoshenko & Gere (1961)0llA X2 AVH=(H 204 Harvey (1991)
oM B 0| Cht Ljee oi2stn QICt £3], Bickell & Ruiz
(1967)0llM= FH2 AT It s ERel ZZstEA
(41 (3.3.28.a), A (3.3.28.b))2 HMAlsI2n EFZIZSHSO|
i Z 500t AN 2o SIEEC 7| ME=|, e A
Bgio] o5t SE MAKTICZE MAlsIC

2K—

, D D
b= | L5u(1-02D/1) (with 7~ <5)

(3.3.28.a)

t
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P === (wzthf >5) (3.3.28.b)

0{7|M, K= a=2a ZHo|1 us out-of-roundness 22

uzix 100 OF u=—=x100 (3.3.29)

teot FtfelEd (K)o chHe| e " 2t (Fig. 42| a=A)

2K—
P.= D v (3.3.30)
2 e
1+4AE{71 1+V(2L)]( )3
t (-A(p-r) \D
Ovality Local Flar

A‘a

Fig. 4 Ovality of cylinder

%Wﬁ" MHES floto] 24 Al AMH(Choi et aI
K'% L=0|g0| F2 M
(Dt=14.7)2 SIH2 "'E“H
HHES Table 29} Fig.52F
20| 410 bar77P(| MEMoz ZIsichl, 450 bar O|F 2%
S 75k A2 & == RUCk Table 22| Al0|X| ;L (ch)E2
o 2=X HEE Ztu} Fig. 52| ERof| ®7|E 222 olz{st
=23t S FHAS HER T QI Fig. 5ollAl MEsiAl FEAO
o] 2 AMg Bolct AdolA 504.5 bar7kk| XEXo2 =}
20| LHSIjoLt ARIL | Sliet ZX|A0]2| F0| Yhsio] |

ﬁ
|=t|
|-I:l
=2
x
_||>|-
oi
oy o=

Table 1 Principal dimension of thick cylinder

Outer diameter (Do) 295.7 mm
Inner diameter (D)) 255.7 mm
Length (L) 590 mm
Thickness (1) 20 mm
Internal pressure (P;) 1 bar
Elastic modulus (E) 69 GPa
Yield strength (oL) 369 MPa
Tensile strength (oy) 385.4 MPa

Table 2 Strain

(10e—-3) result of pressure chamber test

(Choi et al., 2016)
Pressure (bar)
Ch | 200 | 250 | 300 | 350 | 380 | 410 | 450 | 490 | 504.5
1 10.4410.60|0.77{0.93]1.03]1.13{1.30|1.54| 1.71
2 [1.39]1.73]12.07(2.41]261]2.84]3.20]3.82| 4.23
3 10.30|0.40{0.49|0.59|0.65|0.70]0.76]0.82| 0.85
4 1111(1.47(1.81]216(2.38(2.62|3.03|4.13| 4.97
5 |1.4411.78[2.09|240(2.60(2.82|3.17|3.59| 3.81
5 ‘ /\\
—=—B: Cir(FEA) 4
| ——B: Circ(EXP)
4
-
3
£ 34
g /
'g 2 o /
14 S I
0 T T Ll T T
200 250 300 350 400 450 500
Pressure(bar)
Fig. 5 Comparison of test and FEA (Choi, et al., 2016)
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Mol 2k Aloll= (3.3.20.c)0llM  5ES que= 561, &2
414 MPa oOlct. &MSH|2] A2, o] T =& Al
(3.3.22.a)0M qu= 646, SH2 478 MPa, (F3I5 Sie) 2
AaE 2EZ A= 4] (3.3.22.¢c)0M SFE qp2 539 bar, S22
398 MPac}.

S 5| el ARIHol| s EFYSHAIEY (3.3.23.0)E X
10l = ge= 539 bar, 832 399 MPa, A4S
3.23.b) M& Alol= gu2 539 bar, S22 398 MPaoO|C},
Al (3.3.22.c)7} (3.3.23.b)= SYsIEZ S5 Gt ZCh
| A& AgiEe| 3 (3.3.23.a)%t (3.3.23.b)2] &t
sYeE = 7 AUk

o
oY

P

Asls £

(4) I 1%, 2% U= 4ol Al (3.3.28.a)0 2fsl =t
25152 4181} 357 baro|ch 1%2| o= Dmax=295.7 mm,
Dmin=292.7 mm¢! Z-<olc}.
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HMHHS(plane strain)& 7|22 st Mo|ct &, Zo|7}
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e Feket ZuE &SPl F5et HE0| Uch

Table 3 Buckling and collapse loads of thick cylinder

Equation |Load(bar) | Stress (MPa)

2.7 2375 -
(1) Thin ;ylinder 59 852 _

buckling
(n=3) 2.10 1135 -
2.11 2740 -
(2) Nonlinear 3.3.1, m=2 667 -
buckling 3.3.1, m=3 1705 -
3.3.20b ¢ | 486 359
3.3.20.c q5 | 561 414

(3) Collapse
3.322.a q, | 646 478
3.3.22.cq, | 539 398
) 3.3.28.a, 1% 418 -

(4) Ovality

3.3.28.a, 2% 357 -
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Appendix A

(Harvey 2.8%)0l|lAf, hoop stress o, 2t radial stress o,= Ct

S TR 2D, W) YE HER Defek AP, THEl S
A =R o minlojAle] S waks Datsl gol By
WAL (A2)0] £|T Dxpslo| Rl (A3)0| Elck Zo| wat
EiS0| LRSI Sofl hATZ0(0 = YAt He| Uk st
O WSRICH, rd SIKOIM (A47H ST wek wase
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(A5)Z} (A.6)7t =Tk Hooke's Lawol|l 2lal 2234

= 4] (A3)0ll CHeloHH HWeurdAl
=ict o| o|Ealgale| aldislol BiRIZ (A 10)E
2IE (A.7-8)ol| CHRlslo| SEA! (A 11-12)2 715
ElQ| LiFet 2[5 oMe] 2= Pi, Po2 AlZIH

J

o] =11 o] AlEE A
=1Z)

()

2[5l (A14), 324! (A.15-16)0] HBH2E A&

do,
o,rd®+o,drd®—\o, + jdr (r+dr)d®=0

d
do,
o,—0,—r o =o0
du
(e
er dr | dr dr
U
et—7

"=t \dr r
E [u du

= _+ -
i 1f/ﬂ(r Mdr)

u=Cyr+—

£ —K
o, = C(1+upu)—C
r 1_’u2 1 1% 2 TZ

1_
o =—|C(1+p) + (A.12)
_ ,
0, = ~D;,0, = 7D, (A.13)
2 2 2,9
1—p ap,—bp, 14 ab*(p;—p,)
G =T o= (A.14)
FE b —a E b"—a
(12 v_bZ ( o )a2b2
9= pzl 2p0_ pzl zp — (A.15)
b —a ?(b*—a?)
a? ,-_b2 o — )a2b2
g SBTbP (P —p, A16)

b2_a2 TZ(bQ_GQ)

FHE ARiHe] MY 3 &Sk 12 (Bickell 5.1
H)oilAf, A2IT{ollA] EFMsiAlE sk 29 21| A%t 22| 3

2k HRIYES of ARSI £Fg 220lM Hooke's Laws &
A

>

[

FiG. 51 Co-ordinate system for
linder.

i(7’0 .)Jri(ra )Jri

ar T o Tr 90 (01'9) Oy +TE“ =0

I’] 0
E(raw) +8—x(7’am) + 20 (0,9) +rF,. =0
2 lro )+ 2 (ro)) + (o)t trE =0 (A16)
9 r 5 xf 90 00 70 r .
E o v ou
T = ) (1—aw) ) g Ty Tt 5]
E ow o v ou
Tor = ) a—20) Vor T g T 0t 5]
(A17)
E ow v 1—v ou
= T2 Vo e T T o)
FE ou 1 ov
% = 54 w) ow v 0B
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olx|z 1

o
=

o = E (v 0w
o 2(14v) ar  ow

E ou 1, 0w
Tor 2(1+v) [ ar 7‘( a0 u)]
0w ow 0w 5 8°
2(1—v)fr +r——w]+(1—20v)r—+7
o2 ar ox2 orox
rF

r

=—2(1+v)(1—2v) 5

00w 22 (o (2
rar(7 8x)+2(1 v)r 8x2+(1 QV)T'GT(T ar)(A'18)
_ °E,

——2(1+y)(1—2u) z

2 2 2
T, Pr; 7
op=0(l-—=)=——5(1-=)
r [l r
2 2
T Pr; °
To 0(1+?) = 2,7 (1+F) (A.19)
Pr?
o =
Trr ’["i—’["l
Opy = Ogr — Tpy 0

CIS Table A12 222 A #5e} x|k HUIEHE2

Al #Hgo|ck

Table A.1 Comparison of Eqg. no of paper and reference
book (Ref.: reference book in the paper, T:
Timoshenko, B: Bickell, R: Ross, H: Harvey)

Paper Ref. Paper Ref. Paper Ref.
T,1961
2.2 2.1 15.4 3.3.9 8.4.2
7-12
R,1990
2.3 7-15 2.11 3.3.10 | 8.4.3
3.2
H,1991
2.4 7-16 2.12 3.3.11 8.4.4
8.2.37
2.5 7-17 2.13 8.2.38 | 3.3.12 | 8.4.5
H,1991
2.6 11-12 2.14 8.2.39 | 3.3.27 ———
8.5.1
B,1967 B,1967
2.7 11-23 || 3.2.3.a 3.3.28.a|F——
11.19 15.5
B,1967
2.8 3.23b | 11.18 |[3.3.28.b| 155
15.1
H,1991
2.9 15.3 3.3.8 3.3.30 15.6
8.4.1
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