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Fig. 1 Reinforced shell structure in a launch vehicle
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Fig.2 Schematic diagram of the structure and cross-section

(b) Reinforced section view

of the reinforced shell structure
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Fig.3 Adaptive surrogate model construction process
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Tab.2 Comparison of optimization results
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Fig. 4 Buckling modal analysis under different parameters

W S8, BETE—E B AT REVE AR et fb it
P, 2T F 3&E D7 Kriging (B RY T3 3% , X0l 572 4%
F#EAT RBDO 2347 il LUA R /0 3R IRk et
SRR TR
4 £

RN ST G AR P SR RO A B RS, 1R
MR

1) Jon A3 5 235 4 R EL v B B L BRI EE I 32 g
TS AR B A R ) R B, X Hek AT RBDO A A1 T
PRI A I IRAE T BE

2) MBS 1) RBDO J5 198 AN ZE 7L 5 S e N 2
A EEPE S BT A RUZ AL , SR RCRAR, 1 52 3
FC 451 RBDO (7] B4 5K i 2% 3, 2 B T [ 3 N
Kriging 3R (4 Jin 75 7€ 2544 T S O Ak 151 I ik
2T AT A A BRIT 434 B AT 58 G AR 7Y
P, A R T TR

345 FT 4 O vk 1 P A 5 SR 1 R A 2 R i
FExf e, e 2 B, 55 F [ & B Kriging 18R ()
RBDO J5 k5853 7% I8 T S8 AEAE M BEAL O 22 , A0 3k
T E PO BT T BEAF AR XU B T OR S Y [)L
S R BA T E A S T TR o s
AT

2 2% 3 i (References)

(1]

(6]

[12]

TWHGHE , TRIDER, B, 55 . S5 =B RS N 3 5 b R E o
[T]. BRJE 55RK5E,2014,41(4) :33-40.

FAN Ruixiang, ZHANG Xiaoying, HUANG Cheng, et al. Research
on stability and critical load of isogrid stiffened cylinder under axial
compression [ J]. Structure & Environment Engineering, 2014, 41
(4):33-40. (In Chinese)

E ARG, TR NS AR S AT S A B B e S (1]
12241, 2019,36(1) : 1-12.

WANG Bo, HAO Peng, TIAN Kuo. Recent advances in structural
analysis and optimization of stiffened shells[J]. Chinese Journal of
Computational Mechanics,2019,36(1):1-12. (In Chinese )

WANG B, YANG M S, ZHANG D Y, et al. Alternative approach
for imperfection-tolerant design optimization of stiffened cylindrical
shells via energy barrier method[J]. Thin-Walled Structures, 2022,
172:108838.

W, REE , S b A5 AR I I A el e e o AT [T ). 9
JiE 5#5E,2016,43(4) :57-64.

YANG Rong, MA Binjie, WU Bing, et al. Axial compression stabil-
ity analysis of stiffened cylindrical shell with grid[J]. Structure &
Environment Engineering,2016,43(4) :57-64. (In Chinese )

kAR ISR MR B, 45 . R 28 LB A 58 45 R 1) 7 3 S 38 2
ALty ]. RIS FREE, 2018,45(2) :36-42.

ZHANG Hua, LIU Hanwu, LIU Zhengyong, et al. Experiment
study on load carrying of double cylinder thin-shell structure [J].
Structure & Environment Engineering, 2018, 45 (2) : 36-42. (In
Chinese)

TEE B, PR . RE AT B AR SRR E Pk - M AR [T ],
Jemt Ll KAE244] , 2012, 38(7) :997-1003.

LONG Lianchun, ZHAO Bin, CHEN Xinghua. Buckling analysis
and optimization of thin-walled stiffened cylindrical shell [J].
Journal of Beijing University of Technology, 2012, 38 (7) : 997-
1003. (In Chinesc)

SKZR Bt IR A R T RAE A Fe p Al [T ], SRR
5% ,2019,46(6) :30-35.

ZHANG Dong, MU Jingjing, JIANG Yimeng, et al. Thermal buck-
ling of stiffened cylinders under axial compression[J]. Structure &
Environment Engineering,2019,46(6) :30-35. (In Chinese )
WANG B, TIAN K, HAO P, et al. Hybrid analysis and optimiza-
tion of hierarchical stiffened plates based on asymptotic
homogenization method [J].
136-147.

HAO P, WANG B, LI G, et al. Hybrid optimization of hierarchical

Composite Structures, 2015, 132:

stiffened shells based on smeared stiffener method and finite ele-
ment method[J]. Thin-Walled Structures,2014,82:46-54.

YANG S, LEE M, LEE I. A new sampling approach for system
reliability-based design optimization under multiple simulation
models[J]. Reliability Engineering & System Safety, 2023,231:
109024.

LI L, WU Y Z, ZHANG Q, et al. A transformation-based
improved Kriging method for the black box problem in reliability-
based design optimization[ J]. Mathematics,2023,11:218.

DU X P,CHEN W. Sequential optimization and reliability assess-



74 U S S 2025 4F
ment method for efficient probabilistic design [J]. Journal of [19] DU X P, HU Z. Mixed efficient global optimization for time-
Mechanical Design,2004,126(2):225-233. dependent reliability analysis[J]. Journal of Mechanical Design,

[13] WANG Z H,LI H,CHEN Z M, et al. Sequential optimization and 2015,137(5):051401.
moment-based method for efficient probabilistic design [J]. [20] BICHON B J,ELDRED M S, SWILER L P. Efficient global reli-
Structural and Multidisciplinary Optimization,2020,62:387-404. ability analysis for nonlinear implicit performance functions [J].

[14] OLSON S S,SU J C P, SILVA H, et al. Turbulence-parameter AIAA journal 2008 ,46(10) : 2459-2468.
estimation for current-energy converters using surrogate model [21] ZepPell , iEAES, Frds ., 4 . ERENNAG K5 5 il 407 07 1 W
optimization[J]. Renewable Energy,2021,168:559-567. 5201, B A 2015.38(4) - 541-548.

[15] WU J H, TAO Y R, HAN X. Polynomial chaos expansion LI Qingya, TAN Fuying, QIAO Ling, et al. Comparative study on

imation for di ion-reducti del-based reliabilit
approximation fof dimension-reduction modei-based TeHabiity post-buckling analysis method of thin-walled stiffened cylindrical
analysis method and application to industrial robots [J]. Reli- .
shell[J]. Journal of Solid Rocket Technology, 2015,38(4) : 541-
ability Engineering & System Safety,2023,234:109145.
) o 548. (In Chinese)
[16] JIANG C,HAN X, LI W X, et al. A hybrid reliability approach
o . ) [22] MENG Z,HAO P, LI G, et al. Non-probabilistic reliability-based
based on probability and interval for uncertain structures [7].
Journal of Mechanical Design, 2012, 134(3):031001. design optimization of stiffened shells under buckling constraint

[17] YANG M D, ZHANG D Q, WANG F, et al. Efficient local adap- [J]. Thin-Walled Structures, 2015,94:325-333.

(23] R0, 326 XM, 45 . B HUE A AR ] SE Rtk it

[18]

(1.

tive Kriging approximation method with single-loop strategy for
reliabi-litybased design optimization [J].
Applied Mechanics and Engineering,2022,390: 114462.

ECHARD B, GAYTON N, LEMAIRE M. AK-MCS: an active

Computer Methods in

learning reliability method combining Kriging and Monte Carlo

simulation[J]. Structural Safety,2011,33(2):145-154.

], BB 515, 2021,37(3) 1 12-15.

QIAO Xinzhou, HUANG Xing, LIU Peng, et al. Optimization
design of trusses with discrete variables based on nonprobabilistic
reliability [J]. Machine Design & Research,2021,37(3) : 12-15.
(In Chinese)

Structural reliability optimization design of reinforced shell structure based on
adaptive surrogate model

LIU Yuzhuo' CAO Lixiong'> WU Jianguo’ LI Haibo’
(2. Lushan Laboratory, School of Design, Hunan University, Changsha 410082, China)
(3. Key Laboratory of Reliability and Environmental Engineering, Beijing Institute of Structure and Environment

Engineering, Beijing 100076, China)

Abstract: Reinforced shell structure is widely used in aerospace load-bearing structures because its high specific stiffness
and specific strength. By considering the uncertainty and risk factors in the structural parameters, the reliability-based design
optimization (RBDO) can avoid the overly conservative design of the structure and ensure its reliability and safety. An
efficient RBDO method based on adaptive surrogate model was proposed to solve the problem of lightweight design of
reinforced shell structure under buckling reliability constraints. The adaptive addition of sample points was implemented
through the expected feasibility function criterion, and the discrete variables was continued by constructing piecewise
functions. This increases optimization efficiency while ensuring the reliability of design results. Finally, the effectiveness of the
proposed method is verified by comparing the RBDO results with the deterministic optimization results.

Key words: Reinforced shell structure; Reliability-based design optimization; Adaptive surrogate model; Expected
feasibility function criterion
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