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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 clarify 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(57{& AlZIH), Pressure vessel(LHIE7 ), External pressure(2|)), Hydraulic pressure(=g}), Buckling load(Zt=o}t
%), Collapse load( 21/515), Ovality('HH&HE), Imperfection(22F1A)
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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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|—_30—ub2—a2~/u T 3 2T4 — =g Gy =0y, T(}(1+ZTU n=0 .0.£2.C
(l—gﬁi) +ZH bT
S 2R3 2870l th$t A7 (Corradi, et al., 2009)0f|
Me gf2 AMElIfe MYszE, SR AEde 24 STol
 EFM SHA (Elastic limit) 2L} 7 HeolM= FZ0 &M0| MASEES 510 Heks|
QIf =gt A= A (p=0), AT HF FEHIM von FM3 4= gictl st ks AlE0| MAI=JCE 29t gF 2
Mises S240| =|Ci7t =Ict srAErek (radial) 8242 00| =11 1, ZojA BEte| dekg HiX| pton] LR Eot gle iy AlE
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= EJ’SE}%%% (elastic buckling pressure) A (3.3.23.a)2}
= (plastic limit pressure) 4! (3.3.23.b)F &2 4t
o zZAISEE(=)o| =tk Al (3.3.23.a)2 8<D/t<15 o
Ftsictn sid=d|, ol H|go| XM 322 (D/-1=D/)2
ECHH Timoshenko & Gere (1961)2] 41 (2.2)=} ZolRICt A

(3.3.23.b)2 D/t>60ll CHal Z{stslod 4| (3.3.22.c)2 SL5ict,
E 1

=2 3.3.23.a

) 1— 2 2(2_ )2 ( )
t\t

=20 i(1+0 5i) (3.3.23.b)

qO UD D
oHH S ARre| A, i S22 S=¢=1/2-gD/t

2t . A
of H83i0{ S22 ERSIE CS At 2ot
FE 1

Sp=——— 3.3.24.a
P2 (D )2 ( )

!

t

1t

(3.3.25)

SH7} gfolx|H LieE EHMe| S=do| HH3lE(Corradi et
3.3.23.a~b)2 i3z} Zo| Mz}
A EZoIEA (3 2602 =10 |AF
ai5k %E%Q(F: o)Al 2} (3.3.26.c)0lIA,

FE, Foji' En_“-_-l'

_ t)’

Pr=27" 75 (5) (3.3.26.2)
w=2,7 (3.3.26.0)
0 UD .. .

FE t
FE* 171/2 (5)2’ EJ =0y (3326C)

mo| A<olle DAIE0| MAZ =, k=1/(1-v?)(E/6y) 0|22 A
=V (po/pe)=(1/v/K)(D/1) 2} 20| FXtelskE T4 v|go| T&E
Ch A =12 5 A9 ZdH Zio|1, A>10|1 g>q:0|H o|EX

OF EIEZ0|1 A<10|1 qu<ae0]H 2427t Ect (Fig. 3).

Yoo (2010)0llM= S7H2 ARIHe| S|4 AIS Corradi(2009)
of Zo| giE AREsINen Tz AMEH siY=E= H[E0|
6.8, 102l Al2IH| Mg o & H¥C) oF2 Al2ine| de, o
CHHo| FX|=X| 2L 87| 210l 2995 &4 Imperfection)

0| oM, oM HMAISH sHE/mlCif et o k2 2=

Mz =3} mjcto] ghlsh 4= glot.

\ 12 \ L9
2 2

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

plastic collapse mechanism

3.3.4 MEZZAl X[X|che| F1}

(Harvey, 1991) 23lol|, Zldol| dslf Zo|7} & Eciof| &2
A7} s AlRine| ZRoll= B¢t X[X[of 2f5l two-lobe &
Ct RESIt ZoX| 22 MY ZEZLA M7IR|o QA |t2{0] A
(3.3.27)1} 20| HE = QUct vHH, ofe 71 MElfu JFE9
22 Al (3.3.27)2 (Harvey, 1991 282 Fig. 8.1101 HA|=l
Zo|/eX|§ d|2} 2E2 MafX|x) K 442 AKSsto] Ekest
=lC

r

Eh 1—
P=ri 2)[ £ - (3.3.27)
B (n? 1)(1+7r2r2)
2 21
+h2n2 1+2n 122,LL]
r 1+ n’l
71'27‘2

3.3.5. H@ze| Fe

AlzlrfoflM 2] K =(noncircularity or ovality)= & eist
2, HAEE HEHC EFUMS on|sict AlZIe| Y=

Timoshenko & Gere (1961)0llA] X2 _.JHE|°*°D1 Harvey (1991)
IME FE o TS LS eigst Ut 531, Bickell & Ruiz
(1967)0llM= FHE AR T s E2 o| El=otE4
(4] (3.3.28.2), 4! (3.3.28.h))2 MAlsI 20 EREZZESIEO
X2 =0|ut M 2okY siEECt 3| A%El'ﬁ 2 A
Bgdol| o5t 81|18 MAX SISz HMAlSICH
) o
(3.3.28.a)

r__ . 2
b= | Lou(1-02D/1) (with = <5)

t
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(3.3.28.b)

047|M, K= =28 Z10|1 us out-of-roundness Zt2E

2(Dmax _Dmin) da
U=—————"—">-X100 or u=—=x100 (3.3.29)
Dmax +Dmin D

CESh Z|CHRIZZE(K) 2 thHe| i Fx gt (Fig. 42l a=A)

2 283 CISAT Fekgict

it
P'C: D (3.3.30)
2_ T
1+4AE{n 1+V(2L)](t)3
t (-»)(p-P,) \D

Local Flat

A‘a

Ovality

Fig. 4 Ovality of cylinder

SHsts thEs flsto] Y Al AE(Choi et al.,
0

=
lgolo] =2 Ha2

=
Table 12t 2ot 5 2Z/FH H|(D/t=14.7)2 FH2 g™
of Zetct ofF EHOIM SYE HYE2 Table 22 Fig.52+

mN
S
=
(@]
o
Q

=

=
Rl

Ma& oz Z715ICPL, 450 bar 0|% 25
ok 4 9Ich Table 22| H0[X| M L(ch)E =

HYEE 4t Fig. 52| ERYol #7|El #&22 ol2{gt

1o
MU
(N
i

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
0.4410.60(0.77/0.93|1.03|1.13]1.30|1.54| 1.7
1.391.73]2.07]2.41]2.61|2.84|3.20|3.82| 4.23
0.3010.40(0.49/0.59|0.65|0.70|0.76 | 0.82 | 0.85
11111.4711.81/2.16]2.38|2.62|3.03|4.13| 4.97
1.4411.7812.09|2.40|2.60|2.82|3.17|3.59| 3.81

g~ N —

—=—B: Cir(FEA) 4
| ——B: Circ(EXP)

Strain(um/mm)

T T T T T T T T T T
200 250 300 350 400 450 500

Pressure(bar)

Fig. 5 Comparison of test and FEA (Choi, et al., 2016)

4o CHst skEnt 32 gLo] Table 30f H&H=(RAC
slEAl0l| o8t Z=5tE1nt (Iobe =
Hts0lck = AX[7| Al (2.9)2] 852 bar0|1 CHE& H|
= 7p0| EEE/Uch ZT2 (Nho, et al.,2017) =20jA]
2ol B0t e gf2 AEife| == MEo|M L/D7L 5
stol Al2ir] MZoi| sl lobe =5 322 SIACH
(2) Papadakis (2008)2| 4! (3.3.1)0llA lobeZ} 2, 3 ¢l A<
o| zt=35kE 42 667, 1705 barO|ct.
(3) Collapse Z<, EMSHAISLI2| Al (3.3.20.b)ollAM 2|2t
ot 22 Aloll= 5k5 g.= 486 bar, 822 359 MPa, $0|
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Mol =8 AlolS (3.3.20.0)01M 515 qui 561, S22
414 MPa Olch AMZ3|o| 42, Felo| FHol A8 Aloj
(3.3.22.a)0lM gy= 646, 32 478 MPa, (F1& Sie)
QI A8 Al= 4] (3.3.22.0)01M BHE v 539 bar, S22
398 MPact

S5 Hel Aol thet Etde S| (3.3.23.2) 8 &

. +
£ 4 (3.3.22.0)7} (3.3.23.h)= SYUSIEZ 5FF gl Zrt
EESh MY FUHR AEir{el 49 (3.3.23.9)2F (3.3.23.b)2] 5t
5 Y= suss

sYees = 7 AUt
EIH1%, 2% U= Aol Al (3.3.28.a)0l 2lsl| =t
=552 4181} 357 baro|ch 1%L o= Dmax=295.7 mm,
Dmin=292.7 mm?l Z<olc}.

504.5 baroflAf Zthe|o] EFEHAIEY| skl
Ohe 561 bar 2F =M S1|SHS gy 646 bar2te| AXE Hels|
=l H S

o
Y Ut glch MBte| 31 AEEE FesH

HHHAS(plane strain)g 7Y 2 St Holct, &, Zo[7}FH|
B 71 MLl ME3sk= 71HE st UoL| MEo| AlgE A
2i= Zol|7} Kot Ecte| Hsko| gick & = gich w2y
o| Znjel Meof ALEE FHR AR |

S

= =
Helph 41E TEsplols F58 S0l Aok

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 -
2.1 2740 -
(2) Nonlinear 3.3.1, m=2 667 -
buckling 3.3.1, m=3 1705 -
3.320b g | 486 359
3.3.20.C qy | 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%)0f|lA, hoop stress o, 2} radial stress o, = Ct

S TR 2D, W) YE HEE Defek AP, THERl S
A SRR o minlofAle] S waks Deisl gol By
SRAL (A2)0] S| DAKE0| A/ (A3)0] Elck Zo| wat
WEB0| URBHD S0l hATZ0ISR Yzwet Hel Ut et
o WL, o SIKOIM (A47H £ Wek wase
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oloe W THS HSH URYlol SII51E A

(A.5)1 (A.6)7} EICt Hooke's Lawol| 25l 2234/
o| =1 o] AlEZ 4] (A3)of CilolH HWEUFA! (
Zict o] o|RukyAle| aldisfol HHeZ (A1

2IE (A.7-8)0ll tielsiod
Elrje| LjEL} 2FofAe

o
oS4
24

(A11-12)2 F5i1,
1 Pi,

J MBI Lt 2lre
X

%
%Il 1=a, r, =0l ZAZZCZ HBsin (A13), AHE &

2lsHH (A.14), S5 (A.15-16)0| £BE 2R MEEICE

do,
970, T =0 (A.3)
ut B (A.4)
dr
_(du\dr_du
r\dr ) dr dr (A.5)
= (16)
E [du U
o, = Hﬁ(W Wt (a7
S R
e A8

a2 (n9)

w=Crt+ 2 (A.10)

o, =—2_|c(14+u) - 0,12 (A11)
1—p T

FE 1-—
0y = 2 C'](1+,LL)+C"2 2‘“
1—p 7
UT'n = 7pl ) UT'b = 7p0
. " a’p, —b’p, oLt a’v*(p; —p,)
! E b2—a2 12 E b2—a2
o TV, (pi—p,)a¥
r b27a2 7'2(1)2*(12)
azpi _bzpo (pz _p())a2b2
o, =
t b2_a2 TZ(bQ_GZ)

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)

TR ARitie] MY SAlS =&5ks IE2 (Bickel 5.1

— o
S 1Sk 49 fle A%t el 3

£l J=loflA Hooke's Laws &
S5 (r2 " UKIE), HHUEAIZ (A16)0], S| B9
A 2 E o

>

[

FiG. 51 Co-ordinate system for
linder.
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Tor 2(1+y)[8r r a0
21— )P P (120} 2 g2 O
" ar? Tor Y " 912 orox
2
r°F,
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o, dw Y A I I 1)
rar(rax)+2(l l/)r—axz—l—(l 2y)rar(r8r)(A.18)
2
r°F
=—2(1+v)(1—2v)—=
2 2
T Pr T
Jl'r_g(l__g): 9 12(1__0)
T To_ri T
2 2
T Pr
o =0(1+-2) = —(1+-2) (A19)
o r? r?}—r? r?
P’/‘?
T
Uﬁw:Uzr2007 0

CIS Table A12 22| A H5e} X[k HUIEHE2

Al #Hgo|ck

Table A.1 Comparison of Eg. 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 2.1 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.afF——
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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