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Abstract: A reliability assessment framework based on an improved Bootstrap method is proposed to address the
reliability assessment challenges of solid rocket engine systems under small-sample conditions. A series system
reliability model is established by decomposing the engine components, which separately handles the success-failure
units characterized by binomial distribution and the lifetime units characterized by exponential, Weibull or normal
distributions. An empirical distribution function is reconstructed using a B-spline function, and the outliers in Bootstrap
resampling are eliminated utilizing k-means clustering, thus reducing the parameter estimation error for lifetime units
by 60% (with error less than or equal to £5% when n=15) compared to traditional methods. A joint constraint model
for the confidence limits of engine subsystem and the system reliability is developed. The validation through examples
shows that the lower bound of system reliability confidence can reach 0.849 3 with a confidence level of 0.95, which
is 15.4% higher than that of the Levenberg-Marquardt method. The proposed method effectively resolves the reliability
assessment problems for series systems with small samples and multiple failure modes, providing theoretical support
for enhancing the reliability of solid rocket motor.
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Fig.8 Iteration history of parameters
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Table 5 Failure mode distribution types

and parameters of components

PRI SEE AR FHES %

Ry I A n=50, s=50

R, AT R AT #=36 555, m=4.1
Rs B i #=10 900, 0=733
Ry IER 0 u=14214, 0=1617
Rs AT R oA 7=49 535, m=3.2
Rs i G 1/7=186 431

R; Ny i #=15512, ¢=2351
Rs A IR A #=57 400, m=2.9
Ry IR A n=35, s=35

Rio IR A n=40, s=39

TR AT LASEIR 6 Fis % HICAE =8 000 h
ISR R ST, AR R EASEEOY 0.95 MBS
TERER

Ko BETIEELER

Table 6 Reliability results of components

ML Rl EETIR | T R EETR
Ry 0.9901 09795 Re 0.9653 0.958 0
R 0.9980 0.965 1 R 0.9993 0.9559
Rs 0.9999 0.9857 Rs 0.996 7 09748
R 0.9999 09828 Ro 0.986 1 09716
Rs 09971 0.9724 Rio 09750 09531

WRiER 6 ML EEHIR, 46 2%
SR, HI S KRS N=10 RERIHREL S=10, #47 &R
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& IfE 4 Bayes ik, AISERE FRRN 0.837 2. H
THRAZMRG], B3] T BRI R SCHR[18]
JEERI T SERE R IR N 0.808 0, 2% T RS EMGR
55, SEERZERK; T LM J5iEE R Al 585 R IR 5%
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Table 7 Lower confidence bound of system reliability

LM % Hik[18] 777k 1% 45 Bayes 777% ATk
0.736 1 0.8080 0.8372 0.849 3
4 ZEip

B N ARG 2% 1 4R K i R BIHL AR R R
G 2 KR AR AR EIE S RA YA RS
SO E AR AR ) AR ) R, A SO /A [ 4k
i KL RG] SERE VA Tk AT TR AT . 1981
LR

1) AW T —METS0E Bootstrap 521
SRk, 8T B R A IE 250 70 A1 B AL
k-means FEE LR TR AT, STHL TR/ INEEAR T A B
A A EE 5 BE5 R BN, AR INEAR A
(1) S HUAGTH RS FE LT 4% G2 1 e AL AR A T AR Ak o
7

2) AL 1AL OO RN A A AL B AP 1 R G
SEREVEANAELE . JEad i Bootstrap AT IT
SERL, G R, SCBL T REH]
SERLRIVRAL o S TR B, 2T AR B R G n] &
JEEAE TR 0.849 3, MHELTA44 LM J7i41 0.736
1 B RERE.

3) I SEBIESIE, AU T RE A Ak
PHANFEASAR,  7EORUE DAL RS B[R] i o8 e 1 i B
R5F . 51%4t Bayes JTiEML, HRE T 1 RFE XS
PRz, PPk aE RN E .
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