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A Study of the Effect of Imperfection on Buckling Strength in Thin
Cylindrical Shells under Bending
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Abstract The thin cylindrical shell structure under compression should be checked with buckling stability. Initial
imperfection effects on buckling strength has been investigated by many researchers. Even though there have been
a number of these studies, more studies of buckling strength with various initial imperfections are still necessary. In
Eurocode, there is a design parameter that is applicable only on specific imperfection by section thickness rather than
on various initial imperfection. In this study, structural analyses, using geometry and material nonlinear analysis, of
cylindrical buckling strength with various initial imperfection were performed and compared with Eurocode design
strength and Finite Element Method (FEM) analysis results. Moreover, the modified design parameter, which gives
more exact prediction result of buckling strength under bending with initial imperfection, is proposed for various
initial imperfections.

Key Words : Bend buckling, Buckling strength, Cylindrical shell buckling, Geometry and material nonlinear analysis,
Initial imperfection
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2.1 Eurocode 3—Design of steel structures

2.1.1 EN 1993—1-6 capacity curve for shell buckling

=72 A9} Eurocodel8]9l 4 #|A|8F= Relative
slenderness€te] #AE o] &3t ¥FY 4 HA=4=
=/4& Fig. 13} 2ol vehiia gtk

1.0 T
Plastic plateau \-j |
Relative buckling
strength

=M M

Plastic limit

Elastic-plastic

— imeraction

Elastic

1
+ Elastic-plastic
i behaviour

imperfect
buckling

H
+ Elastic behaviour
H

Ao hn

Relative slenderness &= [M /M,

[Fig. 1] Capacity curve for shell buckling

A(Relative slenderness)= Heo] sz M,
(Full plastic moment, Eq. (3))¢} M, (Liner bifurcation

analysis, Eq. ()& FA4¥] dom Fahl 7l &=

A AT xe et 2k
A= /MM, ey
X =M,/ M, )

A7 M= AEE St AV 27148 a1y
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-z At APdle] W o (eastic imperfection
reduction factor), S(plastic range factor), A,(squash
limit relative slenderness) ~12]3l 7 (interaction exponent)2]
ATR o] FoA drk. 2714 gt a ks At
k= W2 Eq. (83 2t} 97|14 Aw,(characteristic
imperfection amplitude)= Q(meridional compression
fabrication quality parameter)®] 3ol w} Eq. (9)$}
ol AR £ =Tl A = EN 1993-1-6, ANNEX D
o] Al AAIsHE @=16(Class C)& 3lAell 2-gslo] &
A3kl ®=3 EN 1993-1-6 ANNEX D oA 9159
Aol gisA A, =02, 3=0.6 Le]il n=1.0 & A&

=% ANetn vk

[Table 1] Values of fabrication quality parameter Q

Fabrication tolerance quality class
Class A
Class B
Class C

Description
Excellent
High
Normal
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3.1 8N 2
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[Fig. 2] Analysis model

[Table 3] Imperfection amplitude

3.2 Linear Bifurcation Analysis (LBA)

%3]

A5 Aol o st H=34S Eigenvalue 34
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[Table 2] Element convergence check

571

A7

Ele.Size Ele. Number Eigenvalue
100 15,120 1.2745E+12 100.00%
120 10,400 1.2778E+12 99.74%
125 9,600 1.2786E+12 99.68%
130 8332 1.2795E+12 99.61%
140 7,740 1.2811E+12 99.48%
150 6,720 1.2831E+12 99.33%
170 5,254 1.2874E+12 98.99%
200 3,720 1.2951E+12 98.39%
300 1,680 1.3247E+12 96.06%
500 624 1.4164E+12 88.87%

EleSize=500

EleSize=170

[Fig. 3] Element convergence check

EleSize=300

EleSize=125

L (mm) R (mm) ¢ (mm) Analysis Imperfection Amplitude §0 (mm)

50/t = 0.01 80/t = 0.1 80/t = 0.2 50/t = 0.3 80/t = 0.5 80/t = 0.8
12,000 2,000 2.0 0.020 0.20 0.40 0.60 1.00 1.60
12,000 2,000 2.5 0.025 0.25 0.50 0.75 1.25 2.00
12,000 2,000 3.0 0.030 0.30 0.60 0.90 1.50 2.40
12,000 2,000 4.0 0.040 0.40 0.80 1.20 2.00 3.20
12,000 2,000 5.0 0.050 0.50 1.00 1.50 2.50 4.00
12,000 2,000 6.5 0.065 0.65 1.30 1.95 3.25 5.20
12,000 2,000 10.0 0.100 1.00 2.00 3.00 5.00 8.00
12,000 2,000 20.0 0.200 2.00 4.00 6.00 10.00 16.00
12,000 2,000 50.0 0.500 5.00 10.00 15.00 25.00 40.00
12,000 2,000 100.0 1.000 10.00 20.00 30.00 50.00 80.00
12,000 2,000 200.0 2.000 20.00 40.00 60.00 100.00 160.00
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3.3 Geometrically and Materially Nonlinear
explicit Imperfection Analysis (GMNIA)

3.3.1 Initial imperfection
Eurocode A7 a gk Al4H21Q1 Eq. R)elA] A
H Aw/tBHE FIadk A 48T 271439

A7) 79 B2 Table 37 7o) A3t}

3.3.2 Eurocode design analysis

Tl mE Eurocode 27
71Zl A AASIL U= Eg. (2~9)& AME-ste] T35
F=24E ALE S 2o AAATES Table 40
rER ATk

Fea2 s w7}

3.3.3 Finite element analysis

AsrAy SIS skl SMB20 AA
(0,= 335 MPa, E=205GPa, v=0.3)° 3589
XN 7]—?—2& Bilinear stress strain curved} 743 £4
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[Table 4] Eurocode design parameter
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L (mm) R (mm) t (mm) Mp (N-m) Mcr (N-m) A Awk a B Ap MEuro (N-m)
12,000 2,000 2.0 1.136E+07 3.116E+06 1.90937 3.953 0.1017 0.60 0.5043 3.170E+05
12,000 2,000 2.5 1.420E+07 4.869E+06 1.70779 4419 0.1161 0.60 0.5388 5.655E+05
12,000 2,000 3.0 1.704E+07 7.011E+06 1.55900 4341 0.1290 0.60 0.5680 9.047E+05
12,000 2,000 4.0 2.212E+07 1.246E+07 1.35013 5590 0.1515 0.60 0.6154 1.888E+06
12,000 2,000 5.0 2.840E+07 1.948E+07 1.20759 6.250 0.1706 0.60 0.6531 3.323E+06
12,000 2,000 6.5 3.692E+07 3.291E+07 1.05913 7.126 0.1949 0.60 0.6981 6.416E+06
12,000 2,000 10.0 5.680E+07 7.7190E+07 0.85390 8.839 0.2386 0.60 0.7723 1.858E+07
12,000 2,000 20.0 1.136E+08 3.095E+08 0.60582 12.500 0.3146 0.60 0.8869 7.333E+07
12,000 2,000 50.0 2.840E+08 1.889E+09 0.38772 19.764 0.4128 0.60 1.0159 2.448E+08
12,000 2,000 100.0 5.680E+08 7.353E+09 0.27794 27951 04752 0.60 1.0900 5.382E+08
12,000 2,000 200.0 1.136E+09 2.826E+10 0.20050 39.528 05232 0.60 1.1437 1.136E+09
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[Fig. 6] Modified buckling curves
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[Table 5] Compare with FEM results(MFEM) and Eurocode buckling strength(MEuro)

80/t = 0.01 80/t = 0.1 80/t = 02 80/t = 03 80/t = 05 80/t = 0.8
ME
Rt (N.Lrﬁ)o MFEM | MEuro/ | MFEM | MEuro/ | MFEM | MEuro/ | MFEM | MEuro/ | MFEM | MEuro/ | MFEM | MEuro/
(N'm) | MFEM | (N'm) | MFEM | (N'm) | MFEM | (N'm) | MFEM | (N'm) | MFEM | (N'm) | MFEM
1000 | 3.17E+05| 3.05E+06|  10.4%| 247E+06| 12.8%| 2.12E+06| 14.9%| 1L.90E+06|  16.7%| 1.67E+06| 19.0%| 1.59E+06| 19.9%
800 |5.65E+05|4.78E+06|  11.8%| 3.79E+06| 14.9%| 326E+06| 17.4%| 295E+06|  19.2%| 2.64E+06| 21.4%| 248E+06| 22.8%
666.7 | 9.00E+05| 6.80E+06|  13.2%| 5.37E+06|  16.8%| 4.60E+06|  19.7%]| 4.15E+06|  21.8%| 3.65E+06| 24.8%| 3.42E+06| 26.4%
500 | 1L.8OE+06| 1.21E+07 15.6%| 9.30E+06 20.3% | 7.89E+06 23.9%| 7.06E+06 26.8%| 6.20E+06| 30.2%| 6.11E+06 30.9%
400 | 3.32E+06| 1.84E+07 18.1%| 1.38E+07 24.0% | 1L.17E+07 285%| 1.05E+07 31.6%| 9.50E+06| 35.0%| 9.20E+06 36.1%
307.7 | 6.42E+06| 2.73E+07 23.5%| 2.12E+07 30.2% | 1.84E+07 35.0%| 1.72E+07 374%| 1.01E+07| 42.6%| 1.48E+07 43.5%
200 | 1.86E+07| 440E+07|  42.3%| 3.78E+07|  49.2%| 3.30E+07|  56.2%| 3.22E+07|  57.7%| 3.04E+07| 61.2%| 293E+07| 63.3%
100 | 7.33E+07| 9.69E+07|  75.7%| 884E+(07|  82.9%| 8.25E+07|  88.9%| 7.66E+07|  958%| 741E+07| 99.0%| 7.31E+07| 100.3%
40 | 245E+08| 2.60E+08|  94.2%| 2.55E+08|  96.2% | 243E+08| 100.7%| 2.39E+08| 102.5%| 2.30E+08| 106.6%| 221072000 110.7%
20 | 5.38E+08| 5.56E+08|  96.9%| 5.39E+08|  99.8%| 5.25E+08| 102.4%| 512E+08| 105.1%| 4.92E+08| 109.4% - -
10 | L14E+09| 1.13E+09| 100.7%| 1.11E+09| 101.9%| 1.09E+09| 103.8%| 1.07E+09| 106.1%| 1.02E+09| 111.0%| 9.63E+08| 117.9%
[Table 6] Compare with FEM resultstMFEM) and modified Eurrocode buckling strength(M’Euro)
50/t = 0.01 S0/t = 0.1 50/t = 0.2 50/t = 03 60/t = 05 80/t = 08
R/t MFEM ) MFEM o MFEM ) MFEM o MFEM ) MFEM o
(N-m) M'Euro (N-m) M’Euro (N-m) M'Euro (N-m) M’Euro (N-m) M’Euro (N-m) M’Euro
1000 294E+06| 3.05E+06| 2.21E+06| 247E+06| 1.74E+06| 2.12E+06| 1.63E+06| 1.90E+06| 1.22E+06| 1.67E+06| 1.17E+06| 1.59E+06
96.3% 89.5% 81.9% 85.6% 72.9% 73.71%
800 459E+06| 4.78E+06| 346E+06| 3.79E+06| 2.72E+06| 3.26E+06| 2.54E+06| 2.95E+06| 1.90E+06| 2.64E+06| 1.83E+06| 2.48E+06
96.0% 91.1% 83.3% 86.0% 71.8% 74.1%
6667 6.61E+06| 6.85E+06| 4.98E+06| 5.37E+06| 3.91E+06| 4.60E+06| 3.66E+06| 4.15E+06| 2.74E+06| 3.65E+06| 2.64E+06| 3.42E+06
96.6% 92.6% 85.0% 88.1% 74.9% 77.1%
500 1.10E+07| 1.21E+07| 885E+06| 9.30E+06| 6.95E+06| 7.89E+06| 6.50E+06| 7.06E+06| 4.86E+06| 6.25E+06| 4.69E+06| 6.11E+06
91.0% 95.2% 88.2% 92.2% 77.8% 76.8%
200 1.55E+07| 1.84E+07| 1.32E+07| 1.38E+07| 1.09E+07| 1.17E+07| 1.02E+07| 1.05E+07| 7.60E+06| 9.50E+06| 7.34E+06| 9.20E+06
84.6% 95.7% 93.1% 96.5% 80.0% 79.7%
3077 227E+07| 2.73E+07| 2.01E+07| 2.12E+07| 1.75E+07| 1.84E+07| 1.67E+07| 1.72E+07| 1.28E+07| 151E+07| 1.24E+07| 1.48E+07
83.1% 94.7% 95.4% 97.4% 80.2% 84.0%
200 4.01E+07| 440E+07| 3.71E+07| 3.78E+07| 341E+07| 3.30E+07| 3.31E+07| 3.22E+07| 3.04E+07| 3.04E+07| 2.93E+07| 2.93E+07
91.3% 98.2% 103.1% 103.0% 100.0% 100.0%
100 9.20E+07| 9.69E+07| 8.92E+07| 884E+07| 854E+07| 8.25E+07| 842E+07| 7.66E+07| 7.85E+07| 741E+07| 7.77E+07| 7.31E+07
95.9% 100.8% 103.5% 110.0% 106.0% 106.3%
£ 2.60E+08| 2.60E+08| 2.56E+08| 2.55E+08| 2.51E+08| 243E+08| 2.50E+08| 2.39E+08| 243E+08| 2.30E+08| 2.42E+08| 2.21E+08
100.1% 100.5% 103.4% 104.7% 106.0% 109.7%
20 548E+08| 5.56E+08| 545E+08| 5.39E+08| 541E+08| 5.25E+08| 540E+08| 5.12E+08| 5.34E+08| 4.92E+08| 5.34E+08 -
98.6% 100.9% 103.0% 105.4% 108.6% -
10 1.14E+09| 1.13E+09| 1.14E+09| 1.11E+09| 1.14E+09| 1.09E+09| 1.14E+09| 1.07E+09| 1.14E+09| 1.02E+09| 1.14E+09| 9.63E+08
100.7% 102.0% 103.8% 106.1% 111.0% 117.9%
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