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Fig. 1 Randomization process of non overlapping evidence
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x1 BEH1BENEENHEH

Table 1 Random variable distribution parameters in

Example 1
AR IR HyfE FrfEE
Y IEZ 3 0.1
Y, IEZ 2 0.3
&2 EBEfI1ERTE
Table 2 Evidence variable in Example 1

A e BPA

[1.0,1.1] 0.3

Xi [1.1,1.2] 0.3

[1.2,1.3] 0.4

K AR SOl B PR TR BB T B9 %% BRI 2
PRI A FERE, 455 LS5 3, AHAAY CCBF Fil CCPF
Hh £k W&l 4.

®3 HO-ARENRER

Table 3 Reliability analysis results of example 1

BB ES'@h7S IS HISHIXFR2E/% MCS EMCSHIXTR2/%
10.0 [1.371 8x107,0.000 9] [1.387 2x107*,0.000 8] [-1.12,11.1] [1.362 0x10°,0.000 8] [0.72,11.1]
10.2 [0.000 9,0.003 0] [0.000 8,0.003 2] [11.1,-6.67] [0.000 9,0.002 9] [0.00,6.66]
10.4 [0.001 3,0.007 9] [0.001 5,0.007 8] [-15.4,1.27] [0.001 3,0.007 7] [0.00,2.53]
10.6 [0.005 6,0.016 8] [0.005 2,0.016 7] [7.14,0.60] [0.005 5,0.016 6] [1.79,1.20]
10.8 [0.011 1,0.034 8] [0.010 5,0.034 6] [5.41,0.57] [0.0109,0.034 2] [1.80,1.72]
11.0 [0.026 1,0.066 7] [0.025 8,0.064 8] [1.15,2.85] [0.024 5,0.061 7] [6.13,7.50]
11.2 [0.050 1,0.115 6] [0.048 7,0.115 1] [2.79,0.43] [0.048 1,0.114 6] [3.99,0.87]
114 [0.092 5,0.182 3] [0.090 1,0.180 8] [2.59,0.82] [0.090 2,0.181 0] [2.49,0.71]
11.6 [0.150 2,0.279 2] [0.152 0,0.276 6] [-1.19,0.93] [0.1473,0.274 1] [1.97,1.86]
11.8 [0.237 4,0.381 7] [0.236 8,0.381 1] [0.25,0.16] [0.237 2,0.380 9] [0.08,0.21]
12.0 [0.335 0,0.499 4] [0.334 1,0.499 3] [0.27,0.02] [0.330 1,0.498 0] [1.48,0.28]
122 [0.442 7,0.611 3] [0.441 0,0.611 7] [0.38,-0.07] [0.442 7,0.611 0] [0.00,0.05]
124 [0.564 8,0.722 0] [0.563 2,0.721 9] [0.28,0.01] [0.561 5,0.720 5] [0.59,0.21]
12.6 [0.676 0,0.817 5] [0.676 2,0.816 0] [-0.03,0.18] [0.675 6,0.814 2] [0.06,0.49]
12.8 [0.771 0,0.880 2] [0.771 0,0.878 8] [0.00,0.16] [0.770 8,0.878 8] [0.02,0.16)
13.0 [0.849 0,0.929 7] [0.847 0,0.928 9] [0.24,0.09] [0.848 4,0.928 1] [0.23,0.17]
13.2 [0.908 1,0.968 5] [0.907 2,0.962 7] [0.10,0.60] [0.907 2,0.961 0] [0.10,0.78]
13.4 [0.948 4,0.978 7] [0.947 9,0.978 0] [0.05,0.07] [0.947 8,0.977 8] [0.06,0.09]
13.6 [0.9712,0.989 8] [0.971 1,0.984 0] [0.01,0.59] [0.970 1,0.980 6] [0.11,0.94]
13.8 [0.986 5,0.995 5] [0.985 5,0.992 7] [0.10,0.28] [0.986 0,0.995 0] [0.05,0.05]
14.0 [0.995 9,0.998 7] [0.994 0,0.999 1] [0.19,-0.04] [0.993 9,0.997 8] [0.20,0.09]

L3I R T T SRR P A AL (Monte
Carlo simulation, MCS) [ 1% 4t UF 9% -8 2 1 1 7 §¢
PP AR SR, LLRCSCHR [17] iy ik g G
i £ 7 5 (importance samplings, IS) i 3155 2% 5
ATUAE e A SO Bk 2 Fhor s i 1 550KG B g
KW G o FEVHRERCR I, A7 15 VR AR FRAR S
BREL 10° YK, 1S T FH AR B R %K 5 % 10°, MCS 8 I Fi
ARASPREL 107 IR, A SO vk T T HRROR .

42 HEEMERBHTEMESN

25 NP S T )2 i R A e AR
A ERIRIE kG = 1,2, ,5)JEIEAS M

LEHE SRS A (4 FROIR 25 e KA

G=g(@)=Y—rlr<1;aL)5({Y,-(@)} (34)

e YRS MR BB AR 52 1 05 4% A 5 R B AL
Y ()R HESLAS K (5 = A ¥, T kP 7
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Fig. 4 CCPF and CCBF curves of Example 1
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Fig. 5 Five story shear frame structure under static load
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Table 4 Probability distribution and statistical
characteristics of interlayer stiffness of the first three story

frame structure

A BIE/107° (kN-m ") AR RE
0, 3.8 0.2
0, 3.6 0.2
05 3.4 0.2

®5 HF4 5 REREHEERNEIHESH
Table S Uncertain parameters of interlayer stiffness of the

fourth and fifth story frame structure

J2EL ¥{EH/10” (kN-m ™) SRR
[3.0,3.2] 0.4

0,
[3.2,3.4] 0.6
[2.8,3.0] 04

[CH
[3.0,3.2] 0.6

TR FH AR BIRTR S R 103 Uk, MCS 8 FH % FRER 285 bR %

107, 1S I AR BROIR 25 pR 805 X 10°, AR 307 4k 3%

&I TIHRRCR
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Table 6 Reliability analysis results of five story frame structure
TR BE/m ARSIk IS SISHIXT R /% MCS EMCSHIXHR22/%
0.022 [2.493 7x107,2.760 8x10] [2.378 4x10 'x10",2.723 1x107] [4.62,1.37] [2.359 6x107,2.680 8x10 ] [5.68,2.98]
0.024 [5.224 5x10°,3.164 6x107°]  [5.222 6x10°°3.124 6x107°] [0.04,1.26] [5.211 6x10°°,3.095 6x10°°] [0.25,2.23]
0.026 [6.282 9x107,0.001 8] [6.235 8x107™,0.001 8] [0.85,0.00] [6.126 8x107™,0.001 6] [0.55,11.1]
0.028 [0.008 9,0.017 6] [0.007 9,0.016 9] [11.2,3.98] [0.008 1,0.016 6] [8.99,6.02]
0.030 [0.049 7,0.085 3] [0.047 8,0.084 6] [3.82,0.82] [0.045 8,0.083 1] [8.52,2.65]
0.032 [0.164 9,0.234 2] [0.1623,0.228 1] [1.58,2.60] [0.162 7,0.222 2] [1.60,5.40]
0.034 [0.348 8,0.433 9] [0.346 4,0.415 6] [0.69.4.22] [0.343 7,0.433 7] [1.48,0.05]
0.036 [0.551 6,0.632 7] [0.554 2,0.636 6] [-0.47,-0.62] [0.556 3,0.638 5] [0.84,0.91]
0.038 [0.723 0,0.780 2] [0.723 1,0.790 1] [-0.01,-1.27] [0.731 9,0.791 4] [1.21,1.42]
0.040 [0.8359,0.873 9] [0.856 0,0.888 8] [-2.40,-1.71] [0.850 4,0.886 8] [-1.73,-1.48]
0.042 [0.911 6,0.934 8] [0.910 5,0.941 2] [0.12,-0.68] [0.920 3,0.940 8] [-0.95,0.64]
0.044 [0.953 9,0.966 0] [0.957 2,0.966 6] [-0.35,-0.06] [0.958 3,0.969 3] [0.46,0.34]
0.046 [0.977 9,0.985 1] [0.978 5,0.984 6] [-0.06,0.05] [0.978 1,0.983 8] [0.06,0.13]
0.048 [0.991 8,0.994 4] [0.988 9,0.993 8] [0.29,0.06] [0.988 3,0.991 2] [0.35,0.32]
0.050 [0.996 2,0.996 9] [0.995 8,0.996 5] [0.04,0.04] [0.993 5,0.995 1] [0.27,0.18]
0.052 [0.997 7,0.998 3] [0.996 8,0.997 9] [0.09,0.04] [0.996 3,0.997 1] [0.14,0.12]
0.054 [0.999 0,0.999 2] [0.997 2,0.998 0] [0.18,0.12] [0.997 8,0.998 2] [0.12,0.10]
0.056 [0.999 3,0.999 4] [0.999 0,0.999 1] [0.03,0.03] [0.998 6,0.998 9] [0.10,0.05]
0.058 [0.999 5,0.999 6] [0.999 2,0.999 5] [0.03,0.01] [0.999 1,0.999 2] [0.04,0.04]
0.060 [0.999 7,0.999 8] [0.999 4,0.999 7] [0.03,0.01] [0.999 4,0.999 5] [0.03,0.03]
0.062 [0.999 8,0.999 9] [0.999 8,0.999 9] [0.00,0.00] [0.999 6,0.999 8] [0.02,0.01]
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Fig. 6 CCPF and CCBF curves of five story shear frame R, =cos(k®)) +sin (kO,) (42)
structure
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Table 7 Geometric dimensions of the thin plates Table 8 Evidence uncertainty variables for the thin plates
A s ¥y{#/m b2 S B BPA
W oEa RS 6 0.03 BOPEE L E/GPa [35.8,36.2] 0.3
36.2,36.6 0.7
Bkb TEAM 8 0.02 136:2,36.6]
- . —_— [0.15,0.20] 0.3
S| X 0.12 0.01 {HAR Y [0.20,0.25] 0.7
. " . ) [2200,2 400] 0.3
BERE A 5 2 i, LR 142 8. I p g m ) 124002 600) 07

AT 2 MO e gt A R W R 9, it
45 1) CCBF 1 CCPF ik anf&l 8 s . fEi14 103K, TiHE T MCS BIfE5E 07120 1007, 1S 2% 10°,
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Table 9 Reliability analysis results of the thin plate

& A1 B2 [ {6 /m K'ibS IS HISHxHRZE/% MCS H5MCSHIXHRZ/%

0.000 60 [0.002 4,0.003 6] [0.002 4,0.003 5] [0.00,2.78] [0.002 3,0.003 5] [4.17,2.78]

0.000 64 [0.023 0,0.026 0] [0.022 4,0.025 8] [2.61,0.77] [0.022 1,0.025 3] [3.91,2.70]

0.000 68 [0.091 0,0.117 0] [0.089 6,0.116 2] [1.54,0.68] [0.089 4,0.115 1] [1.79,1.62]

0.000 72 [0.227 0,0.278 1] [0.2252,0.277 9] [0.79,0.07] [0.224 8,0.275 2] [0.97,1.04]

0.000 76 [0.415 8,0.455 9] [0.414 4,0.455 0] [0.34,0.20] [0.413 7,0.454 4] [0.51,0.33]

0.000 80 [0.617 9,0.649 0] [0.615 9,0.647 8] [0.32,0.18] [0.616 1,0.648 2] [0.17,0.12]

0.000 84 [0.771 0,0.786 0] [0.768 8,0.780 2] [0.29,0.75] [0.769 7,0.781 5] [0.17,0.57]

0.000 88 [0.863 9,0.879 1] [0.861 5,0.876 6] [0.28,0.28] [0.859 4,0.874 3] [0.47,0.42]

0.000 92 [0.926 0,0.939 0] [0.920 8,0.936 8] [0.56,0.23] [0.921 5,0.935 4] [0.49,0.38]

0.000 96 [0.968 0,0.974 0] [0.966 6,0.970 2] [0.14,0.39] [0.965 2,0.971 5] [0.29,0.35]

0.001 00 [0.985 0,0.989 9] [0.981 0,0.988 6] [0.41,0.13] [0.981 4,0.988 9] [0.37,0.10]

0.001 04 [0.992 0,0.994 8] [0.991 5,0.993 2] [0.05,0.16] [0.991 0,0.991 9] [0.10,0.29]

0.001 08 [0.993 5,0.996 4] [0.992 6,0.995 8] [0.09,0.06] [0.992 1,0.995 0] [0.14,0.14]

0.001 12 [0.994 6,0.998 0] [0.993 8,0.997 6] [0.08,0.04] [0.994 2,0.997 3] [0.04,0.07]

0.001 16 [0.997 9,0.999 9] [0.997 8,0.998 8] [0.01,0.11] [0.997 7,0.998 4] [0.02,0.15]

0.001 20 [0.999 2,0.999 9] [0.999 1,0.999 9] [0.01,0.00] [0.999 0,0.999 6] [0.02,0.03]
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A mixed reliability analysis method based on direct probability integral
ZHU Qitao, LI Hongshuang’
(College of Aerospace Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing, 210016, China)

Abstract: Based on the idea of direct probability integral, a mixed reliability analysis method is proposed for the
mixed uncertainty analysis of evidence variables and random variables with a complex limit state function. The
proposed method starts with the probability interpretation of evidence theory, adopts the method of unifying evidence
variables for converting evidence variables into random variables, and achieve the goal of unifying two types of
uncertainty. Then, the structural reliability analysis is carried out through the direct probability integral method.
Finally, the performance of the proposed method is validated through three numerical examples. The results show that
compared with existing methods, the proposed method greatly improves computational efficiency with similar
computational accuracy.

Keywords: evidence theory; direct probability integral method; structure reliability analysis; mixed uncertainty;
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