B2 M2 B OR E A (A R R R D) Vol.52,No.2
2025 42 H Journal of Hunan University (Natural Sciences ) Feb.2025

XEHRS:1674-2974(2025)02-0122-11 DOI: 10.16339/j.cnki.hdxhzkh.2025163

ETFSHUMEGEIENAESAIEEST G E

) g 2 RIS, T AR P R LR B ES O, XR A ?
(1. W WL 538 80 TR B, W 17 410082;
2. WA R K MU & (R A i 4 T USSR W RS MR 4112015
3. WirE = Wi R IR E IR K 4101005
4. FERFRHE R B ReRkA b, WS K7 410073,
5. EE Tl Ke2F ML TR 4B, /e BRI 412007)

H E AR R B0 — R AL A e R AR M R A- G R R, 3 — AP R T AL
1 % & (probability box, p—box) ¥ 4 Z LA 7T Sl 54T 7 i . K T 591 R A8 7 iR RAF E X
ROAE X A9 D TS B AT A ST REAL G A Jo R A MR A0 B A RO X P A, i S A T A
A p—box T A MM Z ST e ATAE AL s B R B R A X Z A 69 AR K bk il A R AR X 4
Mk AR AR X MG X R R B BHE AL FRAGTERRLBT E,
EEGRERHEFT T REFT R, AL F R AAKGM AL TERT LR, ded e
FRIA2E K.

KW AR E; THEE; KRR E; $ X

FE 4 KS:TB114.3 XERARERD: A

System Reliability Analysis Method Based on Parametric
Probability Box Model

LIU Haibo'**",LAI Wen?, LUO Weifeng"*,ZHANG Shufeng*, DU Chong’,

TANG Jiachang’, LIU Binyuan®
(1. College of Mechanical and Vehicle Engineering, Hunan University, Changsha 410082, China;

2. Hunan Provincial Key Laboratory of Health Maintenance for Mechanical Equipment, Hunan University of Science and Technology,
Xiangtan 411201, China;
3. Hunan Vanguard Group Co. ,Ltd. , Changsha 410100, China;
4. College of Intelligence Science and Technology, National University of Defense Technology, Changsha 410073, China;
5. School of Mechanical Engineering, Hunan University of Technology, Zhuzhou 412007, China)

Abstract: An efficient system reliability analysis method with a parametric probability box (p—box) model is
proposed to solve the problem that the mixture of aleatory and epistemic uncertainty exists in mechanical systems.

Firstly, the minimum reliability index of the single failure mode is obtained based on the sequential iteration
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decoupling method. Then, aiming at the multiple failure modes problem under the mixture of aleatory and epistemic

uncertainty, the system reliability analysis model is established based on the parametric p—box uncertainty.

Considering the correlation among the failure modes, the correlation coefficient matrix between each failure mode is

calculated by the linear correlation degree analysis method. Finally, a reliability calculation method for both series

and parallel systems is proposed, which has high reliability calculation efficiency and can meet the practical

engineering requirements compared with the traditional double—loop Monte Carlo sampling method.

Key words: parametric probability box ;reliability ; maximum failure probability ; multiple failure modes
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S,Mises
(Tl/}J 750/() S Mises
+2.881e+02 (P 75%)
+1.500e+02 +4.490e+00
+1.375e+02 +4.117e+00
+1.250e+02 +3.744e+00
+1.125e+02 +3 371e+00 JELRE/C
+1.000e+02 +2 998e+00 738
+8.756e+01 +2.625e+00 =
+7.507e+01 +2.252e+00 1.7
+6.258e+01 +1.879¢+00 :
+5.009e+01 +1.506e+00 69.6
+3.761e+01 +1.133e+00 .
+2.512e+01 +7.599e-01 674
+1.263e+01 +3.869¢-01 g
+1.419e-01 +1.397e-02 65.3
o
y X 632
A
(a)TH 1 (h) T2 ()T 3
A7 3FF o6 A FRTAER
Fig.7 Finite element model of 3 working conditions
®6 FiRAMHARTADES PR 1 3 B T O S B 2 R S e
Tab.6 Finite element model information for /J\ﬂ%fﬁ?‘é ik 2432, E,E\ DLS i‘l‘%%%ﬁ' Al
L compuer F5 9 0.61%. BB I FFSTACRACT 24 %1 %k
— X RZE AN 0.61%. 1 BB 24505} e R A
P A i v /G IfiE %L
FEM_I 1 152 613 g =T -T™ AR IR R G EAT TR B2 2 BT IS, DLS J7 ¥ % T B R
M2 2 a2es TP TT RN 3X10TR L TR SO B O B
FEM_3 3 133 764 gy =Ty -1 .
PRIE AR B R 241 IR AR T AR SO AN B AR AR

8 AR TS fi bR e s T A e BRI ARR I LA R OOk

7T TR FR Y T B8 R 5 0e R T
Tab.7 Function response surface of tablet computer
Tk pR %L M) 17 T
™ =10"( - 1.612P2 + 0.3459P, P, - 0.1393P%) + 10°(0.489 8P, X, + 2.433 3P, ) + 0359 3X? - 2.045X, - 0.187 4X} -
0.127 4X3 + 0.363 2X; + 14.01

:F(?A _FBA

'™ =107°(0.557 1P} + 0.01029P, P, + 114.7P3) + 107(28.69P, - 569.4P, - 0.450 3P X, ) - 18.03X? + 178.6X, + 6.538X3 +
0.023 44X7 + 4.067X; - 5.98

T =-0.633 0P + 0.027 76P; P, — 0.282 3P, X, + 7.119P5 + 0.648 6PF — 0.177 4X} + 1.767X, - 0.030 70X; - 0.223 7X3 -
0.1057X2 + 44.18

- F(”]FL _ FTL

go= T - T

R8 TAREHNT R EER J6, 3T 90 AR 1k AR A B R AR U 4
Tab.8 Reliability index of tablet computer /N TT 5 BE R AT 1 SR ST T A58 ﬂﬁp —box ANH
W R ?ﬁi; SRS KRR PR RS AT SR ; % 1B R A R A 2 1]
F S ) A= =} N ya
o eee 2 2432061 0.0075) PR A S 38 2 A e R T B 2K A% A T A DX (] 43 A
e BHORLE A L VA S B 7 P45 SO W g A
DLS &g gs 3x10° 2.447 0.007 2

S RB RN T B SR p-box B HE ) H:

B 2R SRR 2R 5 T M i . AR SO e

4 BB b — S AE LRI R A& A B2 PE 1Y B 2B

R G AT . 3 SO A BT 0 , 3 ok X

ARSCER S SR p-box REEPEAIRGE (LB ARS8 K B R R 2 5 A SO vk
AR B T — R R T B AR R AR



2

RGPS e T SRR QA RS AT SEE M 7 15

131

£ Lk

(1]

[10]

[11]

TANG J C, LI X, FU C M, et al. A possibility—based solution
framework for interval uncertainty—based design optimization [J] .
Applied Mathematical Modelling,2024,125: 649-667 .

LIU J F, JIANG C, LIU H B, et al. A time variant uncertainty
propagation method for high—dimensional dynamic structural
system via K — L expansion and Bayesian deep neural network[]].
Philosophical Transactions of the Royal Society A: Mathematical ,
Physical and Engineering Sciences,2023,381(2260) : 20220388.
B LRI, BOMBAL AT SE VR AT A S — R[] s
%:4%,2004,36(5) :533-539.

LU Z Z, YUE Z F. Unified reliability model for fuzziness
and randomness of the basic variables and state variables in

structure [J]. Chinese Journal of Theoretical and Applied

Mechanics, 2004, 36(5): 533-539. (in Chinese)

TANG J C,FU C M, MI C J, et al. An interval sequential linear
programming for nonlinear robust optimization problems [J] .
Applied Mathematical Modelling,2022,107:256-274.

LIU H B, JIANG C, XIAO Z. Efficient uncertainty propagation
for parameterized p-box using sparse—decomposition—based
polynomial chaos expansion[J]. Mechanical Systems and Signal
Processing,2020,138:106589.
LIU H B, CHEN M, DU C, et al. A copula-based uncertainty
propagation method for structures with correlated parametric p—
boxes[J]. International Journal of Approximate Reasoning,2021,
138:89-104.

ZHANG H, MULLEN R L, MUHANNA R L. Interval Monte
Carlo methods for structural reliability [J] .
2010,32(3):183-190.

XIAO Z, HAN X, JIANG C, et al.

Structural Safety,

An efficient uncertainty
propagation method for parameterized probability boxes[J]. Acta
Mechanica,2016,227(3) :633-649 .

CHEN N, YU D J, XIA B Z, et al. Uncertainty analysis of a
structural—acoustic problem using imprecise probabilities based
on p-box representations [J] . Mechanical Systems and Signal
Processing,2016,80:45-57.

WEI P F, SONG J W, BI S F, et al. Non-—intrusive stochastic
analysis with parameterized imprecise probability models: I .
reliability and rare events analysis[J]. Mechanical Systems and
Signal Processing,2019,126:227-247.

CRESPO L G, KENNY S P, GIESY D P. Reliability analysis of
polynomial ~systems subject to p-box uncertainties [J]

Mechanical Systems and Signal Processing, 2013, 37 (1/2) :
121-136.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

XN E DL, RRAE, 55 TR IR G IR A BIA A T
JAE e 97 PR P T SE MR R AT DT R D] HLRCT R A4, 2022,
58(24): 324-333.

LIU X,HE Z B,ZHOU Z H, et al. Hybrid reliability approach for
airbag seat protection performance based on probability and
probability box models[J]. Journal of Mechanical Engineering,
2022,58(24) : 324-333. (in Chinese)

BN, X, R4, 45 IRG A TE T LR 2 4hmT Sk
B LT]. T EBRE (g Ty RICF),2018,48(1)
42-53.

HUANG H Z, LIU Z, MI J H, et al. Reliability modeling and
analysis of heavy—duty CNC machine tool spindle under hybrid
uncertainty [J]. Scientia Sinica (Physica, Mechanica &
Astronomica),2018,48(1):42-53. (in Chinese)

WANG C, ZHANG H, BEER M. Computing tight bounds of
structural reliability under imprecise probabilistic information[J] .
Computers & Structures,2018,208:92-104.

T, R, AR, S NI E TR A R gl Rk
SERTLI]. AR ER,2019,40(4) 1 153-162.

DING J M, YUAN Q,REN D L, et al. System reliability analysis
under uncertain information [J] . Chinese Journal of Scientific
Instrument, 2019,40(4) : 153-162. (in Chinese)

TR, AR, B, S TR] 16 0 O E A P A S BOR I E
PEREIAA T L () ). P EPLI TR, 2019, 30(7): 811-817.
XIANG Y Y, PAN B S, LUO L P, et al. Validation method of
parameter uncertainty models for response accuracy [J]. China
Mechanical Engineering, 2019, 30(7): 811-817. (in Chinese )
LIU X, WANG X Y, XIE J, et al. Construction of probability box
model based on maximum entropy principle and corresponding

hybrid (Il
Multidisciplinary Optimization, 2020, 61 (2):599-617.

reliability  analysis  approach Structural — and
ZHANG J H,GAO L,XIAO M, et al. An active learning Kriging—
assisted method for reliability—based design optimization under
[yl
Multidisciplinary Optimization,2020,62(5) : 2341-2356.

XIE H C, LI J W, LIU H B, et al. An efficient uncertainty

distributional  probability=box  model Structural  and

propagation analysis method of non—parameterized P-boxes
based on dimension-reduction integral and maximum entropy
estimation [J].

2023, 66(12): 258.
XIAO Z,ZHANG Q W,ZHANG Z, et al. A collaborative quasi—

Structural and Multidisciplinary Optimization,

Monte Carlo uncertainty propagation analysis method for multiple
types of epistemic uncertainty quantified by probability boxes[J] .
Structural and Multidisciplinary Optimization,2023,66(5) :109.

SALOMON J, WINNEWISSER N, WEI P F, et al. Efficient
reliability analysis of complex systems in consideration of
imprecision[J|. Reliability Engineering & System Safety, 2021,

216: 107972.



132

PN QR 2]

2025 4F

[22]

[23]

[24]

[25]

[26]

[27]

(28]

FAES M G R, VALDEBENITO M A, MOENS D, et al. Operator
norm theory as an efficient tool to propagate hybrid uncertainties
and calculate imprecise probabilities [J] . Mechanical Systems
and Signal Processing,2021,152:107482.

KARL B. Asymptotic approximations for multinormal integrals[J].
Journal of Engineering Mechanics, 1984, 110(3): 357-366.
XY, 2, AR, S SR DX R A AN E P Y R e ]
SEMETITIE L] JI2EsA A, 2017, 49(2) : 456-466.

LIU H B, JIANG C, ZHENG J, et al. A system reliability method
for structures with probability and interval mixed uncertainty [J].
Chinese Journal of Theoretical and Applied Mechanics, 2017,
49(2): 456-466. (in Chinese)

JIANG C, LI W X, HAN X, et al. Structural reliability analysis
based on random distributions with interval parameters [J] .
Computers & Structures, 2011, 89(23/24): 2292-2302.

DU X P,SUDJIANTO A,HUANG B Q. Reliability—based design
with the mixture of random and interval variables[J]. Journal of
Mechanical Design, 2005, 127(6): 1068-1076.

ZHANG Y, KIUREGHIAN A. Two improved algorithms for
reliability analysis [ M ]//Reliability and Optimization of Structural
Systems. Boston, MA : Springer US,1995:297-304.
BHOSCER, SR BT AN . RSO R S A LB S 4 T S Y
Copula Z3Hr 77 ¥k [J]. HEHLM LR, 2011, 22(3): 278-282.
HAN W Q,ZHOU J Y, SUN K Z. Copula analysis of structural
China

systems reliability with correlated failure mode [Jl.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Mechanical Engineering, 2011, 22(3): 278-282. (in Chinese)
ADDURI P R, PENMETSA R C. Bounds on structural system
reliability in the presence of interval variables [J]. Computers &
Structures, 2007,85(5/6) :320-329.

SKRE . S AT REE BT 7 iR SR (M. Je st B
2009: 130-136.

ZHANG M. reliability
procedures [M]. Beijing: Science Press, 2009: 130-136. (in
Chinese)

TUREE. TR A IM] . K RIER T O
ik, 2003 : 234-268.

Structural analysis: methods and

GONG J X. Computational methods for reliability of engineering
structures [M] . Dalian: Dalian University of Technology Press,
2003: 234-268. (in Chinese)

GENZ A, TRINH G. Numerical computation of multivariate
normal probabilities using bivariate conditioning [J]. Journal of
Computational & Graphical Statistics, 1992, 1(2): 141-149.
TANG L K, MELCHERS R E.
multinormal integral[J]. Structural Safety, 1986,4(2):81-93.
HU Z, DU X P. First order reliability method for time—variant
[l
Multidisciplinary Optimization, 2015, 51(1): 1-21.

GANZERLI S, PANTELIDES C P. Optimum structural design via

Improved approximation for

problems using series  expansions Structural  and

convex model superposition[J]. Computers & Structures, 2000,

74(6):639-647.



