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Steel hemispherical shells are highly sensitive to initial,geometric imperfections, resulting in a considerable gap
between theoretical buckling capacity and actual performanee. This study presents a probabilistic assessment of the
buckling load-carrying capacity of steel hemispherical shells\with random geometric imperfections. To this end,
geometric imperfections are modeled as a continuous random field using the Karhunen-Loéve expansion, and the
effects of statistical parameters, including imperfectioniamplitude and correlation length, on the critical buckling load
are investigated. The nonlinear behavior of theishell is simulated using the arc-length method and finite element
analysis with random geometricdnputs, while statistical’ evaluation is performed through Monte Carlo simulation. The
results indicate that increasing the impetfection amplitude leads to a severe reduction in buckling capacity, such that
a fivefold increase in amplitude causes approximately a 48.5% drop in the critical load. Furthermore, the effect of
correlation length on structural stability, exhibits a dual behavior, with the maximum capacity reduction occurring at
intermediate values. The statistical distribution of buckling capacity is fitted with the Weibull distribution, and the
probabilistic load-carrying reduction factor, based on the fifth percentile of the distribution, is calculated as 0.28. A
comparison of this value with the approximately 0.50 factor commonly recommended in classical design guidelines
(e.g., NASA,SP-8032 for spherical shells) indicates that, under the statistical assumptions of the present study, the
traditional® deterministic factor may be non-conservative. This finding highlights the necessity of replacing
conventional, load reduction factors with probabilistic criteria based on accepted risk levels. The findings of this
research demonstrate the necessity of replacing conventional load reduction factors with probabilistic criteria based
on risk acceptance, levels, enabling more optimal and economical design of hemispherical shells while maintaining
structural safety.
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Table 2. Mechanical Properties of the Material

Model E (kN/mm?) oy (N/mm?)
H1 201.0 407.0
H2 200.0 294.0
H3 200.0 213.0

H4 200.0 180.0
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Table 1. Average, Minimum, and Maximum Thickness Values, Best-Fit
Radius, and Geometric Parameters for Samples H1 to H7
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Table 3. Comparison of Numerical and Experimental Results
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START

Step 1 « Use random field model (based on experimental data)
+ Generate N independent samples (Latin Hypercube Sampling
Generate Random / Monte Carlo)

Geometric Defects + Each sample represents possible geometric deviations

(mean & std. from experiments)

N samples of ¢
geometric defects

Step 2 + Apply each defect field as nodal disturbance
to the ideal geometry
« Use coordinate mapping to impose radial displacements

« Preserve physical characteristics (correlation length,
fluctuation amplitude)

¥

Step 3 * Run nonlinear analysis for each sample

« Identify critical buckling load (P,,)

« Observe post-buckling behavior variations

+ Collect discrete P, values for statistical analysis

]

Step 4 « Fit probability distributions (e.g., lognormal, Weibull)

» Determine safe load at specified confidence level
(e.g., 5th or 95th percentile)

« Evaluate mean, dispersion and sensitivity

Geometric Transfer &
Finite Element Modeling

Nonlinear Buckling
Analysis

Statistical Analysis &
Reliability Assessment

+ Provide reduction factors based on reliability level

More samples

Reliable Results

Slaie) culid g Jdladal Giga s ) JSE
Fig 1. Probabilistic Framework and Reliability Assessment

s Gl fU2Fy

Ay Al o) asid Qe (S Dl il 4y il Cumdaane 6 palapia 55y o
il oSy olsieas saidlee) oaJa b s o oW alaidl o jSas
¢SS g 6 Jltand IS A D3 i i Ol 40 plion AR i 3 ald
Jae 4y o Jleet Ly 5 oad a8 uanin o @ ialiat (lase Dl Jilse (3885 Sy
ke 5 it sl e s 35k ) A gllaS G b 53 sl a
L 5 2 p0e 401y 480 Cull LaiRS DLt o a1 ) e 3sdia s
O r S it el s) Ayl Gaat Tcline o S (6l il
sl b5 S s Dl e I ) oty sl i il
P sen iy el

g(X) = PCT(X) y Papplied (?)

Sse Gl alad Jald 4S Causl Aol (slacsas 5 pla e X eadadl 5 ol
S (Sser Ik 5 4keld) e awis ales ) GELS Cudl
B 5B 5 s 5 3500) Y 8 S Sn (Sl S 5 ek 5y Cadlin
a3l o U ol 5 ad e gealy Per (X)L 23lie A sla sl 55U
Papplied 5 ses 4sulae GMNIA Gsladilad 33 yk ) 48 Sl (b
Sl o St g 03l 5 (A b eiasglis

b Jand g 56 o) el Gy Kby g(X)>0 ke ey a8 (ol Geba
oA gl b IS (5 Il G exian L g(X)<0 4S (s s o(caud
Ok 4S8 asfie it Sl A Gl gy ol gl il sl Sl
3 oA Juaind eyl iy 22 s O Ly S e iy ) (S (o
P sdoe Aulans )4kl

P, =Pg(x) <0) = [, f @dx )

O Gkl b el Jl 48 il a8l o jSan o 0 daine ouia il il
Al arlaB oy e slaealy Gl (Dl a5 (pK0La)

Gl sai i) 3 o PilaS Cud jla (Jaial () ) shaieds a5y on) 0
e daed ) QAT il o ol Jiee A3 pad Yoo a3 b 5Y CanSa
o 488 R ) e (PSS ph 555 any Saea (ol Re o il
Yoo 5000 N ee dv (sladigad dlast (gl andy Saa Hlaia ¢ ghate
Yo a1 00 5l ladd sai alaad () 381 L 4S 2y Gl i 2l dnlBa 5 daulaa
s B ) B 5l aa s Y ) S s Saa e 3 ol S
okl sladlad (et slise ()l simdn disad Yo v dlaad (ol iy Causd 03 Juals
Gl 3 aliid U aaty Saim a5l (s bl Cynbaflane (opinas 33 K A
0 3 3a a3 A0 Glnalal s 53 gl 5l B Ak (b)) Sl s
A8

e Ohase p s je ol tasane Gl e 5 omin JEEL a0 A8
Luna 3 o Sas Jlba) andia 4y sl R Ciliigly S ) sictay o3 A 53
Shaite i8S @b ) i ol asbee Ju@l asae Gl i
Dl b Cauliia elad (8w uri Jae o 8 a5 )3 (B8 1) saa
ol 4S8 NS (el Al Gl LS e il Uppadai, OF o alal Gl
B Ay (il 55 gl 5 Sed JsBALes 1 e e S S
025 45 5 samts Je

A 51 e (sladia (s Ghuodlel I ¢(( R e (LS Jilai 1o s o8
Juis 4 st o) adilie allpalatghage dilas (G s N Ol S
D ol 45503 @51 g (Por il sy S b et b Jolas aa adlts lulis
oaliia (3 slite (LS yy 5L IR siie asie 2gm g 4y st b cdla ye
ol o 3 e Enila 0 asie (55510055 pullinn il oIS pSiaia 4S 3 55 e
Osins 48l S s g 4t il ) e sema o€ 0l (2558
e JSE ) (s kel Jalad ol i

el s talaied ol gla il (s 5 il gl didat to e o8
@Al 5 Jhin) J&s a1 padal 511 i g sladslat ) selcawsy
leinllaad 5t 4 Loy 0l 310 2800 1A edliil 3550 aead
B U« by o Sl (sl b Jw i &Y g5 atile) ol
OB Jalat () 255l en a8l 315 (10 1 & Saua Mia) adiia (lisedal
O e gy (Sl 03 S Gadie b 4Sh cand e LS 1) sl il
G 3y (s 5038 s lueS 1) il lacuadapie 40 5lu Culia
283 e 4l ) alaie) il o g e 50k Cnb ok (RS ol i (50



Post-Buckling Drop vs Defect Amplitude
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Fig 2. Variation of the Critical Buckling Load Ratio‘and Post-Buckling
Reduction Rate as a Function of Geometric Imperfectiomndices.
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Table 4. Effect of Defect Amplitude Ratio and Normalized Correlation
Length on Critical Load Ratio and Post-Buckling Load Drop

Sample Defect Span Normalized Critical Load Post-Buckling

ID Ratio Correlation Length Ratio Drop (%)
1 0.3 0.1 0.68 24.5

2 0.5 0.2 0.62 22

3 0.7 0.15 0.58 19.5

4 0.9 0.3 0.54 17

5 11 0.25 0.49 15.5

6 1.2 0.4 0.45 14

7 13 0.35 0.42 13

8 1.4 0.5 0.39 12

9 1.5 0.45 0.37 11

10 1.6 0.6 0.35 10.5
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0.423303 2.910265 0.310982

0.428128 2975724 0.325183

0.430041 3.000918 0.330898

0.439056 3.113289 0.358466

0.44417 3.171848 0.37454

0.460457 3.328791 0.427541

0.464228 3.357958 0.440152

0.473688 3.417843 0.472215

0.480375 3.448013 0.495177

0.48757 3.468531 0.520068

0.488921 3.470958 0.524756

0.49524 3.476168 0.54671

0.508416 3.453642

|
\

0.510226 3.446961 0.598658

0.512808 3.435919 0.607545

0.517408 3.411847 0.623298

0.529041 3.326054 0.662522

0.54265 3.181845 0.706857

0.544665 3.156671 0.713245

0.549905 3.086857 0.729606

0.56026 2.931534 0.760785

0.563873 2.87235 0.77127

0.565223 2.849624 0.775133

0.575015 2.675713 0.802197

‘ 0.296341

0.592415 ’
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Table 5. Probability Distribution Curves

0.17614 0.150067 0.005522

0.242609 0.496468 0.025419

0.274135 0.773729 0.045227

0.289207 0.935466 0.058084

1.018638 0.065052

0.305197 1.127666 0.074551

0.323704 1.375163 0.097672

0.336133 1.554827 0.115869

0.340028 1.613074 0.122038

0.351151 1.783741 0.140924

0.359319 1.91242 0.156019

0.372127 2.117864 0.181825

0.37355 2.140842 0.184854

0.379873 2.243055 0.198716

0.38582 2.338976 0.212339

0.409196 2.705737 0.271349

0.416401 2.812389 0.291229

0.420975 2.877765 0.304242
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Table 6. Goodness-of-Fit Test Results of the Weibull Distribution for the
Critical Buckling Load Ratio (Pcr/Pcl)

-val
Goodness-of-Fit ~ Test Critical Value p-value . ..
s (Parametric  Decision
Test Statistic («=0.05)
ootstrap)
Kolmogorov- Do not
. D=0.0472 0.1360.1360.136 0.283 )

Smirnov reject Ho

Anderson-, 318 0.757 0.512 Ponot
Darling reject Ho
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Table 7. Calculation of the Probabilistic Load Reduction Factor

Parameter Symbol Value
Classical buckling load (Zoelly) Pcl 1.00
Weibull scale parameter A 0.52
Weibull shape parameter k 4.8
Mean of Weibull distribution E[X] 0.476
Median of the distribution P50 0.482
Fifth percentile P5 0.280
Probabilistic load-carrying reduction factor PKDF 0.280

0.580062 2.580562 0.815461
0.58531 2478298 0.828738
0.586814 2448444 0.832443
0.600064 2.177551 0.863103
0.601485 2.14789 0.866176
0.611799 1.931068 0.887213
0.615831 1.846208 0.894827
0.624065 1.674205 0.90932
0.631945 1.512866 0.921874
0.644653 1.263648 0.939499
0.652539 1.118083 0.948886
0.654197 1.088523 0.950714
0.669797 0.830162 0.965632
0.674784 0.755691 0.969585
0.675216 0.749432 0.96991
0.705816 0.386507 0.986887
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Fig. 3. Probability Density Function (PDF) and Cumulative Distribution
Function (CDF) of the normalized critical buckling load ratio
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Fig 5. Three-Dimensional Surface Plot of the Critical Buckling Load Ratio
(Pcr/Pcl) as a Function of Imperfection Amplitude and Correlation Length
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Table 8. Effectiof defect amplitude (correlation length approximately
constant in the medium range)

Defect Normalized Critical load Relative reduction
amplitude  correlation length ratio compared to
ratio (6/t) (approximate) (Pcr/Pcl) baseline (%)

0.3 0.15-0.25 0.68 —

0.5 0.15-0.25 0.62 8.8
0.7 0.15-0.25 0.58 14.7
0.9 0.20-0.30 0.54 20.6
1.1 0.20-0.30 0.49 27.9
13 0.25-0.35 0.42 38.2
15 0.30-0.45 0.37 45.6
1.6 0.40-0.60 0.35 48.5
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Fig 4. Comparative Evaluation of Load-Carrying Capacity: Classical
Theory, Probabilistic Analysis, and Design Standards
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Table 9. Effect of correlation length (defect amplitude approximately
constant across different ranges)

Normalized Approximate  Critical load
correlation length Y ) ) Observed behavior
defect amplitude ratio (Pcr/Pcl)
(Le/R)
. Higher (about Local buckling, relatively
CLOCS Reciun 0.58-0.68) higher capacity
Minimum Greatest capacity
0.20-0.35 Medium (about 0.42— reduction (consistent with
0.54) dominant mode)
Slight recovery
M 1
040-060  Mediumtohigh (about0.35— e extendedand less
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