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An approach for evaluating the ultimate bending moment of
asymmetric ship hull cross-sections based on Bayesian
optimization and improved Smith method
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(1. School of Mechatronic Engineering, Shenyang Aerospace University, Shenyang 110136, China; 2. School of
Mechanical Engineering and Automation, Northeastern University, Shenyang 110819, China)

Abstract: To improve the efficiency and accuracy of ultimate-bending-moment estimation for complex non-
symmetric hull sections, a hybrid method integrating genetic-enhanced Bayesian optimization with an
improved Smith stepwise failure procedure was proposed. Firstly, for a given section curvature and
increment, Latin hypercube sampling was used to generate an initial design and train a Gaussian process
(Kriging) surrogate. Based on the surrogate’s posterior mean and variance, an Expected Improvement (EI)
acquisition function was constructed, and a genetic algorithm was then employed to maximize EI and select
candidate sampling points, thereby enhancing global search capability while keeping the number of high-
fidelity evaluations small. Selected candidates were subsequently refined by a constrained derivative-free
local optimizer and their high-fidelity evaluations were incorporated into the training set to iteratively update
the surrogate, ensuring accurate local search in regions near global optima. With the Dow 1/3-scale frigate
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model adopted as a test case, the ultimate bending moments under intact and damaged conditions were
computed using the traditional Smith method, a PSO-Smith variant and the proposed approach. Results show
that the proposed method could precisely resolve the ultimate bending moments for non-symmetric sections,
and that, compared with the PSO-Smith approach, it improves computational accuracy by approximately 2%
and increases computational efficiency by about 90%, validating its effectiveness and strong potential for
engineering applications.

Key words: Smith method; neutral-axis rotation; non-symmetric section; Bayesian optimization; genetic

algorithm; Kriging; expected improvement (EI)
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Fig.1 Iteration diagram of reference axis position of traditional Smith method
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Fig.8 Dowl/3 frigate neutral axis movement and bending moment results under various operating conditions
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Tab.3 Calculation results of ultimate strength of Dow1/3 frigate test model
bt

Rty rh e/ it AR
HE 3% TH sk ot X . (=100 15| VA= Xinp 511
* (MN'm)  (MN-m) 5% Higs : :
min min
Dowigt 56 Case 1 - - 9.64 - - - -
U Case 1 - 11.39 - - - - -
AR B
Case 2 - 10.07 8.78 - - - -
. Case 1 12.23 10.63 737%  10.3% 1.8 1.7
f£4i Smith F=£,<0.001
Case 2 11.94 10.54 18.6%  15.8% 1.7 1.7
Case 1 F=0.5f+ 12.15 10.34 6.67%  7.26% 103.2 106.3
PSO-Smith _
Case2  0.5/,<0.001 10.84 9.32 7.10%  6.15% 96.5 94.2
Case 1 12.07 10.26 597%  6.43% 9.8 95
VS T -Smithik )
Case 2 10.73 9.28 6.55%  5.39% 9.2 8.7
FI=001% 3.78%  3.42%
. Case 1 11.82 9.97 18% 42% 12.1 11.3
AR T s
Case 2 10.51 9.13 437%  2.93% 10.5 9.8

Case 1 "1 T3 LA Dow IRXIRZE S R 40 BT FE 1 s B IA 1Y) Case 2 Bt Z B0 45 5L, RIS A BRItk
SERANE NS, WA AR AL A RBAS TG AR S B AR R — B TETT R ARl BR 5 B 43 AT It
S5 B AR 1 B AR T B AR AR i An &1 9 s () =300 5 A% 2 (&1 2 s AR R AR o7 B AL 1K
) o MR RSB AT AR A A A R i B TR AT, AR T 1 v 251 T 4 i o
v HIE Ty 1 B ALAS far, FRIA R time/0.0025, HAR WA J7 M B0, S A i & b R g A0 B s
100, e 257 K400 mm (PN IE, hHER 7)), B RGN 4 mm, BELZE P ROIR L, AR AL T
B, A 3 AT, 85I Case 1 HHHE (B2 #8400 mm) . Case 2 1 3E (S 20 #4400 mm)
I Case 2 H#E(FRZ A H—400 mm) .

R BRI, {URIR Case 1 L FITR SR . xR B2 TE = B WE] 10(a) iR, Case 1
o HE (5 B AR 0 A% M Ze 45 SR AN &1 10(b) TR, SR JE A Dow1/3 47 TR 47 L3+ 53 45 SR C A AE
3,



5591 P PRAE . —FhIET UMD S etk Smithe e 1565

PR (x. ML (x. 24 PR (x.
o z= A7 TR,y L y. z=ATr
2y ) #%+400 mm ) 250)

& 9 Atk

Fig.9 Constraints

—— Casel—"F LA BRICHT E

1.2x105F T
P 9.0x10* ] 1
g
z
@j 6.0x10* 1
i

3.0x10*

0 . . .
0 0.1 0.2 0.3 0.4
i F/m
(a) Case 1/t BASIE = & (b) Case I HES - FS 2k

P10 MR T B0AT BROCOS FAR FR AR T 4551
Fig.10 Calculation results of ultimate bending moment from finite element simulation under typical working conditions
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Tab.4 Dimensions of ship structural components
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Fig.11 Ship sectional view
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Fig.12 Calculation results of various methods under typical working conditions
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Tab.5 Summary of calculation results for asymmetric section working conditions

REYES ARG PSO-Smith K3 Smith
, WO Bk HESR HRsR FERE, R TR
Lo . TR ) R '

m 2N (MN'm) (MN'm) min (MN'm) min
Case | 0.03 ik 13.42 14.21 5.89% 82.1 13.98 4.01% 8.9
Hh 15.31 16.34 6.67% 82.5 16.07 4.96% 8.9
Case 2 0.06 ik 12.97 13.69  5.55% 81.3 1354 4.39% 2.8
Ik 14.88 1591 692% 819 sed S11% g9
Case 3 0.09 ik 12.21 12.87 6.03% 81.2 12.62 421% 8.7
i 14.22 1521 695% 0.6 1495 4.99% 87
Cosod 012 R 11.56 1232 6.54% 807 1211 474% 8.6
Pk 12.88 1381 723% 802 1355 521% g9

(EARTE ARG, (CH A RS 1 B R i . S P T RBAR B DL & AR AT BROT g 2
TR, ZENZR5E MU i R A AN DU A AR A A, 45 2545 R0 PR | A SR
5. M0 PSO-Smith 275 ZAE HL AR T #4722 48R0 HUB-5 pR BOAl, T3 B0 R T
DALt 7 il AR 2 B AL WA, AR n] B 2R TR AT AR

£ b, AR SCIR e Smith 35 BERECR IS AL GER MR IT A IRCR, AR b T4
Smith 51 PSO-Smith i, & G4 PR S BAL T SRS F IR RS TR

4 & £

AR SR X T DU Ak B4 B X6 R T R A O ) R T F 9T o il 7R AL 58 ) A e s |
AR A5, FERl G B RS, 3 T —Fp LT DUt Ak S5 el Smith 16 A AR EXT
PR RS AR IPAG 7k o 25T Dow1/3 #7 TARB A A BB T3 5 0 B, AR SCFEBES58 5 oTlikan R

(1) Fri A st Smith 2 LA BOU BT, 7R85 285BI 400 B T S Bk E Bl

(2)3% 5 B B A B 1 3 R s SRR R AP 5 TR &, B Re IR R A sk fg, ok
B ) SRR A

(3)1%5t Smith FEAEXFRHFI A T 00T RS EERE AR T PSO-Smith 1L MIAR SCRTHE 77, (EX FAEXTHRH
1fil, {4t Smith 15 1S BE L AR T RGP AP 75 7

(4) X T EXFRR ) [ A, A SCPT 4 AR A DL AL SR M 0 T 13K B S5 3003 1 3000 1 %o BRI 1, AN AR A
U AR ELITAY, BRI ARAS R | AR DU PR Z5 AR 25 21, 18 & TR PG PPAL, HAg R4 mHE R A
#rfi.

2 £ X H:

[1] Chen Y K, Kutt L M, Piaszczyk C M, et al. Ultimate strength of ship structures[J]. Trans SNAME, 1983, 91: 149-168.

[2] Smith C S. Influence of local compressive failure on ultimate longitudinal strength of a ship's hull[C]//Proceedings of the
International Symposium on Practical Design in Shipbuilding (PRADS). Tokyo, 17-21 October, 1977: 73-79.

[3] International Association of Classification Societies (IACS). Common structural rules for bulk carriers and oil tankers[S].
2014.

(4] ZFEWRIE, w A, SITIT, 45 2 B AR FR ] T bl O i B9 BCEE Smith 10 FE (7). MR J1 27, 2019, 23(7): 810-819.

Li C F, Gao C, Ma K K, et al. Study on an Improved smith method considering neutral-axis rotation of asymmetric



1568 AR 27 55 30 55 9 1]

sections[J]. Journal of Ship Mechanics, 2019, 23(7): 810-819. (in Chinese)
[5] XM AR. JE T Smith 72 A9 (A BR 5 B2 PPl 5 I BFFE[D]. MR I I R I TR 2%, 2018,
Liu X D. Study on hull ultimate strength assessment methods based on the smith method[D]. Harbin: Harbin Engineering
University, 2018. (in Chinese)
[6] Cheng K, Lu Z. Sparse polynomial chaos expansion based on D-MORPH regression[J]. Applied Mathematics and
Computation, 2018, 323: 17-30.
[7] Bourinet J] M, Deheeger F, Lemaire M. Assessing small failure probabilities by combined subset simulation and support
vector machines[J]. Structural Safety, 2011, 33(6): 343-353.
[8] Karunanithi N, Whitley D, Malaiya Y K. Using neural networks in reliability prediction[J]. IEEE Software, 2002, 9(4):
53-59.
[9] Chen Y, Tian Y B, Qiang Z, Xu L. Optimisation of reflection coefficient of microstrip antennas based on KBNN exploiting
GPR model[J]. IET Microwaves Antennas & Propagation, 2018, 12(4): 602—-606.
[10] Choung J, Nam J M, Ha T B. Assessment of residual ultimate strength of an asymmetrically damaged tanker considering
rotational and translational shifts of neutral axis plane[J]. Marine Structures, 2012, 25(1): 71-84.
[11] Lophaven S N, Nielsen H B, Sendergaard J. DACE — A MATLAB kriging toolbox[R]. Technical Report / IMM-TR-2002-
12,2002.
[12] BRI, 4 1. DUnk3r 04k 1 S, 2538 [J]. R 244, 2018, 29(10): 3068-3090.
Cui J X, Yang B. A review of bayesian optimization methods and applications[J]. Journal of Software, 2018, 29(10):
3068-3090. (in Chinese)
[13] Jones D R. A taxonomy of global optimization methods based on response surfaces[J]. Journal of Global Optimization,
2001, 21(4): 345-383.
[14] Dow R S. Testing and analysis of 1/3-scale welded steel frigate model[C]//Proceedings of the International Conference on
Advances in Marine Structures. ARE, Dunfermline, Scotland, 1991: 749-773.
[15] B AL KR AR KEAE IR AL 25 4 S5 A PRl DA e (D). 2000 IBUHE TR 27, 2022,
Zhai J Z. Rapid assessment program for ship structural damage under underwater explosion[D]. Wuhan: Wuhan University
of Technology, 2022. (in Chinese)


https://doi.org/10.1016/j.amc.2017.11.044
https://doi.org/10.1016/j.amc.2017.11.044
https://doi.org/10.1016/j.strusafe.2011.06.001
https://doi.org/10.1049/iet-map.2017.0282
https://doi.org/10.1016/j.marstruc.2011.12.004
https://doi.org/10.13328/j.cnki.jos.005607
https://doi.org/10.13328/j.cnki.jos.005607
https://doi.org/10.1023/A:1012771025575

	0 引　言
	1 Smith法基本原理及中性轴收敛准则分析
	1.1 Smith法基本原理
	1.2 中性轴收敛准则分析
	1.2.1 设计变量
	1.2.2 中性轴收敛准则


	2 基于贝叶斯优化与改进Smith逐步破坏法耦合的混合评估方法
	2.1 Kriging模型
	2.2 EGO
	2.3 本文所提出方法的计算流程

	3 实例分析
	3.1 Dow1/3护卫舰实例分析
	3.2 新船型非对称剖面实例分析

	4 结　论
	参考文献

