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Buckling Strength of Tubular Columns
with an Opening

Cho, Hyun-Min

Department of Ocean Engineering, Graduate School,

Pukyong National University

ABSTRACT

Elastic buckling behavior of simply supported tubular columns with an opening
under axial compressive load is investigated using the finite element method. The
influence of size, location, and shape of opening on the buckling strength is
evaluated for various models having different slenderness and diameter-thickness
ratio. The shape of the opening on the tubular column is circular or rectangular.

From this study, it is found that the buckling strength of tubular column with
opening decreases as the opening angle increases. When the opening is located in
the mid-length, tubular column has minimum buckling load. It is also found that
the buckling load is much more sensitive to the size of opening in the

circumferential direction rather than the longitudinal direction.
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(c) Rectangular opening

(a) Geometry parameter -

(d) Cylindrical coordinate

Fig. 3.1 Geometry of tubular column with opening.



Table 3.1 Geometric properties of test model with different slenderness

Diameter, | Thickness, | Length, Slenderness, |Euler load,
Model _ ; , Dft
D (mm) ¢t (mm) L (mm) A Py (ton)
T5-5125 100 x5 100 x5 4204.26 20 125 19.72
TH5-S140 100x5 100x5 4708.77 20 140 15.73
T5-5155 100X5 100 X5 5213.28 20 155 12.84

Table 3.2 Geometric properties of test model with different D/t ratio

Diameter, | Thickness,| Length, Slenderness, |Euler load,
Model » D/t
D (om) ¢t (mm) L (mm A Pg (ton)
T4-S125 100x 4 100x 4 4246.32 25 125 15.94
T3-S125 100x3 100x 3 4288.88 33.3 125 12.08
T2-S125 100%2 100x 2 4331.93 50 125 8.13

Table 31~329 Q@A A7 Tl 7kxe A7FHe v, 9, dYzZ+L Fig. 32

of o] wWigtgtr} 3 gw] e '

32(a)ell M et ol AHAzy IR
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(a) Variation of opening aspect ratio
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(b) Variation of opening location

o = ol = {0 I EN o | B O

(c) Vvariation of opening angle

Fig. 3.2 Geometric properties of opening under investigation.
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Fig. 3.4 Output of SHELL 93.
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Fig.3.5 Finite element mesh around circular opening.

Fig.3.6 Finite element mesh around rectangular opening.

_11_



A

[*)

kil

ZAHE

o

bl e bz BRaA,

A

4. X ol X

ok 74T

s IKe)
R

pu

) 2=

Batds

T

41 =8H€ HE

7R

AT NS
&g clesll Euler 13 akatel ulasigith. of

2
=

P

s

of dial =5 283

=2 2

d =

=2

.

Al
Table 4.13 2t}

Table 3.1~3.29] 3}

CHE IR E R EEE

z+

Z4

L2
42

s

3}

&9

]

ke

& FuA

1

¢

A=
T

&+

on,

T2-5125
8.134
8.168

0.42

T3-5125
12.078
12127

0.44

T4-5125
15.938
16.002

0.4

12.84
12.874
0.26

15.729
15.78
0.32

19.715
04

T5-5125 | T5-S140 | T5-S155
16.794

Table 4.1 F.E.M Solution for tubular column without opening

Solution
FEM Solution
(ton)
Euler buckling
load (ton)
Error (%)

il
I

3]
ol

—

or

b 2

5]

SE RS e

.

771 A

=2
=

2~
T

B2
0
A+

o
o

Wl A st Ad st e

=
T

S 7HA 7]

AAE TR

X
=

ojp
n5s

i

3

GO

4+

F
e

&l 243 4]
r

T

A

ol A

<13 4]

==
=]

J

o
A

&S
Aol 4

=3
.

7FAl 7]

boh Wb, B dTele QTR Q)

9]

[S)

=

=2 =
T

= Q.

IR AAdoz asel J)

4ol o

0]

a2

o
2!

T

2} z]
=S|

- 12 -



4

AU 828 AEE 2ews G4sta 2 o9 ved dids 2ng i)
119] A2HE 24 % Abgdtel BWe 24 % 3
stk

ol
r-{m
HF
fo
[2x
do
>
®
2
Jo
=
fo
[
2
=
tjo

4.2 NP2 Hud|o] Hak

4.21 MZEdjol mE 75 U9 Fe

MR #abdle] Wste] wWE HEE5AL FAEHY] 98 Fig 3109 22 Az E
ATFHE Agan BANE AR EA AN A ol W4
S Table 319 APgu7F o2 A&7 A7 5o alr] Faste] sl FA6leh &
FEAe AnaATE 715 Agulel we Mekse AL AU

AER Faule wsE vetlr] e dFEEe dold a9 FHE Aol g0l
Mz EdsE G4 o BE AHESROH, AD3 2o

a s
a= 2t Bz;[:% (4.1)

anle]l Wzte F 7kA A$E nEsigded, A A AdAE o2 g0l B
F 2487 E FUE AAZE FRoM AzEtd o F AT g8 0829em
2 H 9119 en7tA FAANA 02 FUHAIVI D, T oA AgelMe A v A
oo} =aldh galzta ApRE AlFo R 4,8 LAANT a,F 0829 cm G E FH

tl 9.119en 7kl F7HAA B & F7HAI
&A1 2 37} Table 4.2~4.49 Fig. 41~4.4¢ 2o 97|14 P, & d4H o9 ¥
slol e ARANIF FTEAFE, P, DA gl W] ug A2shEe
et Zela e,8b ez 7HZE @9 B Wsle W zFaElbEe] HAEEAM v

& Aoz Aojgrt
Pp—P

g, (%) = —p“;ﬂ X100 , €5 (%)

PE—P(:r,ﬁ

Py %100 (4.2)

g71M, Ppe MTEE7F gl 4874#71% 2 Eulerstsolth

_13_



Fig. 41~432 R4 9 Aol g #AZa 59 Waaden slzze g
of MEE, AzH2 ”EH"]réLO}%(relatlve buckling load)©. 2 eI, A9
dHaEs e AT e dHBHNFY H2HFE NTR fE ALY H

2 N 71ge) A % TR G4t de 9838015 fEaF
& ofefot e whwlog ;A

P Slenderness, Aspect ratio
o] 714, Slenderness : £

AR A7 52 A A
Aspect ratio : 7|

70
o] w4

[e]

3

Olt

%, Algu7h 125003 4gnvh @=39) ATHE Axe
S P a3 02 FAEHA ")

M= T5-51259) 4 A3HE Table 429 Fig. 410 LErWich Fig. 416 A
ask B Frtel wet Azelgol pasts AFS -‘%%l“}xl”&, @9 Z7bel uhep
#HFeFT e wrstA Fasan B9 Zrbel welM s A Mo ZA s 7“’\5}:
e & T AT FPule) Frbe] 2 HFEF L Table 429 2Uh o7t 3672 =

e U7 0.282ton 74 3dte] 143%9) 74 &S L}E}l}]x]
RE, B7F 3672 S7th8E A 9ol #EaF0] 221ton 4ske] 1121%9 7ZAsS

ol

18487159 #2

rLO

ol9t g HAW Frbe wWlE HFEAHLS AAu7F 2 grzd T5-S1407
T5-S1559 M & T YA YElYE AL Table 4.3~4.49} Fig. 42~43904 &4 4 ¢l
=3

Fig. 44% o & 59 7t W& siawd T5- S125, T5-S140, T5-S15598] #H &}
T WMo R2AM Fig 41~43°4 Aoz2a5S A9 Anes g oz
o A AEATE Asste AU G2 ANEY Wad AsaED H3
WAL 3672 A9 o gl W BBHF@e Aolrt Agule] @ o2
Hette 2le & AT F, Pasess — Pas.ge = 192ton, Pl aser
~ Pl gser = 1.3%0n, Pass a36r — Puss pser = L03tonol®l, o5 F& Y
ask Bol et FAZFetFel oyt AAu7E e YA ASE T4 eI}

_14_



Table 4.2 Effect of opening aspect ratio for T5-S125 - [ Pe = 19.715 t ]

Aspect ratio Aspect ratio
P, ., (ton) Eq (%) P, 5 (ton) &g (%)
a B
1.00 19.58 0.67 1.00 19.58 0.67
1.33 19.56 0.78 1.33 19.49 1.16
1.67 19.54 0.87 1.67 19.36 1.82
2.00 1952 0.97 2.00 19.19 2.67
2.33 19.50 1.07 2.33 18.97 3.76
2.67 19.49 1.16 2.67 18.70 513
3.0 19.47 1.25 3.00 18.37 6.80
3.33 19.45 1.34 3.33 17.98 8.82
3.67 19.43 1.43 3.67 17.51 11.21
1
0.98 B
a.
0.9% B
o - . ‘ —m— Aspect ratio a
5 “m -+-B-- Aspect ratio B
o .
0.92 :
a
0.9
o
O‘% 1 1 1 1 1 d ol L
1 133 167 2 233 267 3 3.33 367
Aspect ratio

Fig. 4.1 Effect of opening aspect ratio on relative buckling load for T5-S125,
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Table 4.3 Effect of opening aspect ratio for T5-S140 - [ Pg = 15.729 t ]

Aspect ratio Aspect ratio
P, . (ton) Eq (%) P, 5 (ton) eg (%)
a 8
1.00 15.63 0.60 1.00 15.63 0.60
1.33 15.62 0.69 1.33 15.57 1.04
1.67 15.61 0.78 1.67 15.47 1.62
2.00 15.59 0.86 2.00 15.35 2.39
2.33 15.58 0.95 2.33 15.20 3.37
2.67 1557 1.04 2.67 15.01 4.60
3.0 15.55 1.12 3.00 14.77 6.10
3.33 1554 1.20 3.33 14.48 7.92
3.67 1553 1.28 3.67 14.14 10.10
0.99 |- S
0.97 |- L —
.A'\
w N
o 0% —&— Aspect ratio a
5 “a ---4&--- Agpect ratio B
% 09 [ : -
a
0.91 :
a
0.89 —

1 133 167 2 233 267 3 333 367
Aspect ratio

Fig. 4.2 Effect of opening aspect ratio on relative buckling load for T5-S140.
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Table 4.4 Effect of opening aspect ratio for T5-S155 - [ Pe = 12.84 t ]

Asvect 120l om | ey o PP b o | ey 000

o B i

1.00 12.77 054 L0 127 054
133 12.76 063 133 | 127 094
167 12.75 071 167 12,65 1.47
2.00 12.74 0.79 2.00 12.56 2.16
2.33 12.73 086 2.33 12.45 306
267 1272 094 267 1231 417
300 1271 101 3.00 12.13 5,54
333 12.70 108 3.33 11.92 720
367 12,69 116 367 1166 919

0.97 e g

0.9% | e — "o_
) ——— Asgpect ratio a

0.95 ‘ '
o ---0--- Aspect ratio B

Pcr/PE

093 o e e e e ,\.o,. PR —
092 ——— e s - e ,,,\,“,,,,,,,

091 el

0.9

1 133 167 2 233 267 3 333 367
Aspect ratio

Fig. 4.3 Effect of opening aspect ratio on relative buckling load for T5-S155.
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Fig. 4.4 Effect of opening aspect ratio for different slenderness.
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Table 4.5 Effect of opening aspect ratio for T4-S125 - [ Pe = 15.938 t ]

Aspect ratio Aspect ratio
P, . (ton) &, (%) P, 5 (ton) ez (%)
a 8

1.00 15.83 0.70 1.00 15.83 0.70
1.33 15.81 0.80 1.33 15.75 1.20
1.67 15.80 0.90 1.67 15.64 1.90
2.00 15.78 1.00 2.00 15.49 2.82
2.33 15.76 1.09 2.33 15.30 4.00
2.67 15.75 1.19 2.67 15.06 5.48
3.0 15.73 1.28 3.00 14.78 7.30
3.33 15.72 1.37 3.33 14.43 9.49
3.67 1571 1.46 3.67 14.01 12.10

W 095 <
a
& . —&— Aspect ratio a
5 093 & ---B-- Aspect ratio B

o ..

0.91 =

B.
089 | -
o
0.87 : - - - ' ' L

1 133 167 2 233 267 3 333 367
Aspect ratio

Fig. 4.5 Effect of opening aspect on relative buckling load ratio for T4-5125.
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Table 4.6 Effect of opening aspect ratio for T3-S125 - [ Pg =

12.078 t ]

Aspect ratio Aspect ratio )
P., ., (ton) &, (%) P, 5 (ton) ep (%)
a B
1.00 11.99 0.72 1.00 11.99 0.72
1.33 11.98 0.83 1.33 11.93 1.27
1.67 11.97 0.93 1.67 11.83 2.03
2.00 11.95 1.03 2.00 11.71 3.04
2.33 11.94 1.13 2.33 11.55 4.36
2.67 11.93 1.23 2.67 11.35 6.02
3.0 11.92 1.32 3.00 11.11 8.05
3.33 11.91 1.42 3.33 10.81 10.50
3.67 11.90 1.51 3.67 10.46 13.40
097 p-—— o -
S
0.95 e
w 'A'
8- 0 3 +— Aspect ratio a
5 a ---4a--- Aspect ratio B
a 091 | e
0.89 - — A
0.67 - 5
085 Il 1 L 1 L H L
1 133 167 2 233 267 3 333 367
Aspect ratio

Fig. 4.6 Effect

of opening aspect ratio on relative buckling load for T3-S125.
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Table 4.7 Effect of opening aspect ratio for T2-S125 - [ Pe = 8.134 t ]

Aspect ratio Aspect ratio
P, . (ton) €q (%) P, s (ton) eg (%)
@ B

1.00 3.07 0.74 1.00 8.07 0.74
1.33 8.06 0.86 1.33 8.02 1.36
1.67 3.06 0.97 1.67 7.95 2.24
2.00 8.05 1.08 2.00 7.86 3.43
2.33 8.04 1.18 2.33 7.73 4.98
2.67 8.03 1.28 2.67 7.57 6.93
3.0 8.02 1.38 3.00 738, 933
3.33 3.01 1.47 3.33 7.14 12.22
3.67 8.01 1.57 3.67 6.87 15.60

09 —H——2t—

0.97 |- S

0.95 e R

0.93

P

. —— Aspect ratio a
091 |- X ---0--- Aspect ratio B

0.89 o

Pcr/pE

0.87 —

0.85 USRS

0.8
1 1.33 167 2 23 267 3 333 367

Aspect ratio

Fig. 4.7 Effect of opening aspect ratio on relative buckling load for T2-S125.
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Fig. 4.8 Effect of opening aspect ratio for different D/t ratio.
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Fig. 4.9 Variation of opening location in the tubular column.
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Table 4.8 Effect of opening location for T5-S125 - [ Pe = 19.175 t ]

v Circular opening Rectangular opening

en) P, c (ton)| e¢ (%) P, g (ton) er (96)
050L| 21021 18.34 7.50 18.05 9.08
050 L] 231.23 18.37 7.34 18.08 3.89
060L | 252.26 18.46 6.86 i 18.19 8.33
0651 | 273.28 18.60 6.10 18.35 7.43
070 L | 294.30 18.78 5.11 ‘ 18.57 6.24
0.75L | 31532 18.99 3.97 18.82 4.86
0.80 L 336.34 19.21 2.78 19.09 3.42
085L | 357.36 1941 1.67 19.34 2.07
090 L | 37838 19.57 0.78 19.54 097

0.99

0.98 [

0.97

0.96 —e— Circular

---@&-- Rectangular

0.95 [————

PC(/PE

0.94 |—

0.93 (-
0.92 RSP St

091 ! L A i d 1
05L 0.55L 06. 0.65L 070 0.75L 0.8L 0.85L 0.9L

Opening location

Fig. 4.10 Effect of opening location on relative buckling load for T5-S125.
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Table 4.9 Effect of opening location for T5-S140 - [ Pe = 15.729 t ]

Circular opening Rectangular opening

Few P, ¢ (ton)| ec (%) P, g (ton) er (%)
0.50 L 235 14.74 6.26 14.53 | 7.60
055 L 259 14.77 6.12 14.56 7.44
0.60 L 282 14.83 5.72 14.64 6.95
065L 306 14.93 5.08 14.76 6.19
070 L 330 15.06 4.25 1491 5.19
0.75 L 353 1521 3.29 15.09 4.04
0.80 L 377 15.37 2.30 15.28 2.83
0.85L | 400 1551 1.39 15.46 1.71
090 L 424 1563 0.64 | 15.60 ‘ 0.79

0.99 f——

098 -

0.97

—eo— Circular
---m-- Rectangular

0,06 s = s e <

Pcr/PE

095

0.94

0.93

0.92
0.5L 0550 06L 0.85L 0.7 0.75L 0.8L 0.850 0.9L

Opening location

Fig. 4.11 Effect of opening location on relative buckling load for T5-S140.
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Table 4.10 Effect of opening location for T5-S155 - [ Pe = 12.84 t ]

Circular opening Rectangular opening
e P, ¢ (ton)| e (%) P, p (ton) ep (%9)
0.50 L 261 12.11 5.68 11.95 6.91
055 L 287 12.13 5.55 11.97 6.75
0.60 L 313 12.17 5.19 12.03 6.32
0.65 L 339 12.25 460 12.12 5.61
0.70 L 365 12.35 3.84 1224 4.70
075 L 391 12.46 297 12.37 3.65
0.80 L 417 12.57 2.08 12,51 2.55
0.8 L 443 12.68 1.25 12.64 1.54
0.90 L 469 12.77 0.58 1275 0.72
1
0.99
0.98
S Pt

—e— Circular

096 | - -
/._.' ---m-- Rectangular
0.95 -

094 R ._.,.,.._.,__;v_,fi',.,_,, —

Per /PE

093 |- ®UT : e

0.92

0.5L 0550 0.6L 0.65L 0.7L 0.75. 0.8L 0.85L 0.9L
Opening location

Fig. 4.12 Effect of opening location on relative buckling load for T5-S155.
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(Circular)
o A=155

(Rectangular)

0.8. 055L 0.6L 0.65L 0.7L 0.75. 0.8L 0.85L 0.9L
Opening location

Fig. 4.13 Effect of opening location for different slenderness.
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Table 4.11 Effect of opening location for T4-S125 - [ Pe = 15.938 t ]

Circular opening Rectangular opening
! (cm)
P, ¢ (ton) ec (%) P r (ton) er (%)
050 L 212 14.74 7.50 14.50 9.01
055 L 233 14.77 7.33 14.53 8.82
0.60 L 255 14.84 6.86 14.62 8.27
065L| 276 1496 61l 14.76 7.38
0.70 L 297 15.12 | 513 14.95 6.20
0.75 L 318 1530 3.98 15.16 4.84
0.80 L 340 15.49 2.80 15.39 3.41
0.8 L 361 15.67 1.69 1561 2.06
090 L 382 15.81 0.79 15.78 0.97
1
0.98
0.98
0.97
w 096
& 055 —e— Circular
5 ---m -- Rectangular
o 094 [——

0.93
0.92 f----

09 |-m-- B

0'9 L 1 & L
0.5L 0.85L O0.6L 0.65L 0.7L 0.75L 0.8L 0.85L 0O.9L

Opening loaction

Fig. 4.14 Effect of opening location on relative buckling load for T4-S125.
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Table 4.12 Effect of opening location for T3-S125 - [ Pe = 12.078 t ]

’ ‘ Circular opening Rectangular opening
e P, ¢ (ton)| ec (%) P,y (ton) ep (%)
050 L 214 11.08 3.28 10.89 | 9.64
055 L 236 11.10 8.10 10.91 9.64
0.60 L 257 11.16 7.58 10.99 9.04
065L 279 11.26 6.76 11.10 8.08
070 L 300 11.39 5.68 11.26 6.81
0.75L 322 11.54 4.43 11.44 532
080 L 343 11.70 3.11 11.62 3.76
085 L 365 11.85 1.88 11.80 2.28
090 L 386 11.97 0.88 11.95 | 1.07
0.9

0.97

0.95 —e— Circular

---m-- Rectangular

Pcr/PE

0.9 [

0.91

0.89 . : .
05. 055. 06 065. 070 0.75L 0.8L 0.85L 09
Opening location

Fig. 4.15 Effect of opening location on relative buckling load for T3-S125.
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Table 4.13 Effect of opening location for T2-S125 - [ P = 8.134 t ]

Circular opening Rectangular opening

e P ¢ (ton) ec (%) P, r (ton) ep (%)
050 L 217 7.35 9.63 7.22 11.25
055 L 238 7.37 9.43 7.24 11.02
0.60 L 260 7.42 8.85 | 7.29 10.36
0.65 L 282 7.49 7.90 7.38 9.28
070L 7 303 7.59 6.66 7.50 7.85
075 L 325 7.71 5.20 7.63 6.16
0.80 L 347 7.84 3.67 7.78 4.36
0.85L 1 368 7.95 2.21 792 2.64
090 L 390 8.05 1.01 8.03 1.23

0.98 |- -

0.9

—e— Circular
---m-- Rectangular

0.94

Pcr/PE

0.92

09 |-— —

0.88 —_— ‘
050 0550 0.6L 0.65. 0.7L 0.75. 0.8 0.85L 0.9

Opening location

Fig. 4.16 Effect of opening location on relative buckling load for T2-S125.
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14

n

—=—D/t=25
(Circular)

B D25
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(Circular)
-o-a--- D/1=33.3
(Rectangular)
—— D/ =50
(Circular)
s 0= - D/t=50

(Rectangular)

0.5L 0.55L 0.6L 0.65L 0.7L 0.75L 0.8L 0.85L 0.9L

Opening location

Fig. 4.17 Effect of opening location for different D/t ratio.
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. Table 4.14 Effect of opening angle for T5-S125 - [ Pe = 19.715 t ]

Opening Circular opening Rectangular opening
angle
N . (© 0
(degree) PCV_(/ (ton) Ec (%) Pcr,R (ton) Ep (%)
0 19.72 0 19.72 0
10 19.71 0.03 19.71 0.04
30 19.62 0.50 19.60 0.60
50 19.39 1.63 19.33 1.98
70 18.98 3.71 18.83 4.49
90 18.34 6.98 18.05 8.45
110 17.43 11.59 16.94 14.10
130 16.24 17.61 15.47 21.55
150 14.81 24.88 13.66 30.70
1.05
)
0.95 E—
0.9 SN
& 085 | } —e— Circular
5 : . ---®-- Rectangular
& o8 f—-m
0.75 | oo e —
07 - g
0.65 L -
0 10 3 5 70 9 110 130 180

Opening angle (degree)

Fig. 4.18 Effect of opening angle on relative buckling load for T5-S125.
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Table 4.15 Effect of opening angie for T5-S140 - [ Pe = 15.729 t ]

Opening Circular opening Rectangular opening
angle
(degree) P, c (ton)| ¢ (%) P, r (ton) ep (%)
0 15.73 0.00 15.73 0.00
10 15.73 0.02 15.72 0.03
30 15.66 0.44 15.64 0.54
50 15.50 1.46 15.45 1.77
70 15.21 3.31 15.10 4.02
90 14.74 6.26 14.53 7.60
110 14.09 10.45 13.72 12.75
130 13.22 15.94 12.64 19.61
150 12.16 22.67 11.29 1 28.21
1.0

1 H‘—'\‘\‘\
0.95 -
\1\
09 -

w
a —e— Circular
= - ---®-- Rectangular
o 08 ‘

08 N

0.75

[
0.7

0 10 30 5 70 9 110 130 150
Opening angle (degree)

Fig. 4.19 Effect of opening angle on relative buckling load for T5-S140.
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Table 4.16 Effect of opening angle for T5-S155 - [ Pe = 12.84 t ]

Opening Circular opening Rectangular opening
angle
(degree) P, ¢ (ton) ec (%) P, g (ton) Ep (%6)
0 12.84 0.00 12.84 0.00
10 12.84 0.02 12.84 0.03
30 12.79 0.40 12.78 0.49
50 12.67 1.32 12.63 4.60
70 12.45 3.01 12.37 3.64
90 12.11 5.68 11.95 6.91
110 11.62 9.50 11.35 11.63
130 10.97 14.57 10.53 18.00
150 10.16 20.86 9.49 26.10
1.05

—e— Circular
---m-- Rectangular

0 10 3 S 70 9 110 130 150
Opening angle (degree)

Fig. 4.20 Effect of opening angle on relative buckling load for T5-S155.
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Buckling load (ton)

Fig.

—&— A=125 (Circular)
---B-- A=125 (Rectangular)
—— A=140 (Circular)
---aA--- \=140 (Rectangular)
—e— A=155 (Circular)
---¢--- A=155 (Rectangular)

0 10 3 8 70 9 110 130 150
Opening location (degree)

4.21 Effect of opening angle for different slenderness.
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Table 4.17 Effect of opening angle for T4-S125 - [ Pe = 15938 t ]

Opening Circular opening Rectangular opening
angle
(degree) P, ¢ (ton) e (%) P, p (ton) ep (%)
0 15.94 0.00 15.94 0
10 15.93 0.03 15.93 0.04
30 15.86 0.51 15.84 0.62
50 15.67 1.71 1561 2.06
70 | 15.31 3.95 15.18 4.76
90 14.74 7.50 14.50 9.01
110 13.94 12.51 13.54 15.06
130 1291 18.99 12.28 22.96
150 11.67 26.75 10.76 3251
1.05

0.95 -

Og SR - -.\, pa— [
085 f———mmee '". —e— Circular
\ ---® - Rectangular

08 -
]
0.75 |-~ ——

0.7

Pcr/PE

0.65 : - ' : -
0 10 30 5 70 9 110 130 150
Opening angle (degree)

Fig. 4.22 Effect of opening angle on relative buckling load for T4-S125.
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Table 4.18 Effect of opening angle for T3-S125 - [ Pe = 12.078 t ]

Opening Circular opening Rectangular opening
angle
(degree) Pcy‘c (ton) ec (%) Pcr,R (ton) ep (%)
0 12.08 0.00 12.08 0
10 12.08 0.02 12.07 0.04
30 12.01 053 12.00 0.65
50 11.86 1.84 11.81 2.20
70 11.56 431 11.46 5.15
90 11.08 8.28 10.89 9.84
110 10.41 13.84 10.09 16.46
130 9.54 20.99 9.06 24.98
150 8.52 29.42 7.84 35.09
1.05
1 _—
0.95
0.9
Ew 0.85 —e— Circular
- S0 N ) Rectangul
S 08 ' \ ® -- Rectangular
0.75 ) \
0.7 |-~ e
065 ———m o — _'._,
0.6

0 10 3 5 70 9 110 130 150
Opening angle (degree)

Fig. 4.23 Effect of opening angle on relative buckling load for T3-S125.
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Table 4.19 Effect of opening angle for T2-S125 - [ Pg = 8.134 t ]

Opening Circular opening Rectangular opening
angle

(degree) Po e (ton)]  ec (%) | P g (ton) eg (%)
0 | &.13 0.00 8.13 0.00
10 8.13 001 813 002
30 8.09 0.55 8.08 | 0.68
50 7.97 2.04 7.94 2.43
70 7.73 4.95 7.66 5.83
90 7.35 9.63 7.22 11.25
110 6.82 16.14 6.60 18.82
130 6.15 24.35 583 28.36
150 5.39 33.77 494 39.30

—e— Circular
---® -- Rectangular

Per / Pe

0 10 30 5 70 9 110 130 150
Opening angle (degree)

Fig. 4.24 Effect of opening angle on relative buckling load for T2-S125.
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Buckling load (ton)

—a— [/ 1=25
(Circular)
o8- D/E25
(Rectangular)
——a— D/t=33.3
(Circular)
-o-a--- D/=33.3
(Rectangular)
——D/t=50
(Circular)
S-0--- D/=50
(Rectangular)

0 10 30 5 70 9 110 130 150
Opening angle (degree)

Fig. 4.25 Effect of opening angle for different D/t ratio.
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