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BARKOE 0L N EA T RER K. M dR, SRAAEH
RO SR AR e R S AL R B AE R B S
H T AL B &R A5 X

ASCRANAER B, S50 IR ARBER T Rk
TEAR LA B O AL e ot B D4 T SR A%k I A
AR, B — AT B A PR R PE AL T %, e S
B b B ORI T A RO W AL, T R L
TR AN R AR s SCR AR BE R AT SR PR b, A
SCTTE T AR BRADRE, JUAT B 3 A E PR S 8L,
I BLAM = G40 A4 TR B Fp T 58 B 24 ) SRR B
A, HkiEt Ry, B S0 tod A
PRSI IE B E R A AT T RiE.

1 GLiRE

[KERFESH IR x c R, MR = 1738
7=V B ERGE AoR A e, A

z€E={z|(x—2)"W(-z) <} (1)

Hr, z ARHESHEML XERmERE, W A—X
FRIEERFE, ROy MBI KRR AERERE, EHfE T8
WERA ERIK TT 1), I e LR & LT BAERA R
NANCIE S SRR T S

Xt W HEAT R AL fE 2

Q"WQ =14 (2)

Hrf QT Q = I, A g% A48 4 1 i %oF £ S B
EIPNGESS

u=(1/e)A?Q" (x — &) (3)
B 3) AR (), JRER E T U #on
Ec = {ujuTu <1} 4)

B ou ASAHEESHE x XN K bR
', Ec A uZRAK—PMRABIRES.

LG, WHBAHESHOE 2 TR
WA A FAXT AR R S(HX T H A SUE) , AR
DEITEAMTRRENX

T; = T; X (1 + 51) (5)
FH TG & A0 B P B R R B R AR e, B

deE=1{80"Ws<e?} (6)

TERE, X (6) FRRER S X (1) A B AR PR AE
Bl BT, P R A I B
I P ) A A T B D 7R A

u=(1/e.)A*Q" 6 (7)

NTFAHEX S e R, HNMERLET
FoaY, en, AXRAZRRERERRA

rex! = [ZCL,ZCU] (8)

Xt B4 XA (K R) = (2 + 2Y) /2, XA
B Az = (2 —zp)/2. AL ES X EE 05
NHESEERA

z € B! = {z](z — 7)* < Az?} (9)

HE (9) 50 (1) mI%n, DX ) 3 6 R A R AR 2
— RIS 0L, B “—ZEME RIAER” AR R Y
PRE L, XN EARHERSEA u = (z - 2)/Ax.

HRGEHIMAAHESH RN y € R", #
WS B AR 22 AR SRME, TR 0 T AN E
ZH, FASHZAKNREZRMEMEK, BT
[ —H AT ESH, HAREZIFHRE, BEt
ST — AN AR BR AR R Ak 17, B

y' = {y?77y;r}

y; € B ={yl(y; — @i)TWi(yi -y;) < 531‘

i=1,2-.k
(10)
2 PR RN I IR B HEAL ) AR A A

2 EBMERAEMER

2S5 H0 AT 5E B AT #, S B AR BROIR S — B e 2
6 bR BB B FRORAS R 2 g () R$E, T g(a) =
0 FR A S5 M B AR FROR S TT 72, "B R 454 P 38 PR 04T
HIRE. S RHEIL RS, REDRETT R u
2 AR5 AT AR X (B g(2) > 0) 5 REKIX (Ohf b
g(x) <0) PB4 B 1 Jros o A (AR R 4w 2%
S TE, TR Al e 0 B BROR S ol 2k, L2 I8 A S
i 5 AR BN B AR AL T, 2 D SR R B AR AR
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AR LT BRI S AR R T SRR AL 809

ALK BEER. NELEWLES, Hn=1,
52 X5 (X BRI AR D), S5 T IR &
MEPRZ. Hn > 1, WAHERRNZREY LT
ARXA, EREHRATEY, BASHER, oM
K, SHMITRETFHAHESHRERERK,
SiERATRE. BT AT  AE O SR AERE R AT AR R
BERFEIT. ‘

uz |

reliable domain

A failure domain
g(x) >0

g(z)<0
r=1

NP2

B 1 AR R R R R R

Fig.1 Schematic diagram of non-probabilistic reliability index

XMFREFH b DEMHER BB EFH L, 7T
SCHARBE R AT dE R AR 0 4 DO
(12)

X R — RN ) R, SR8 )T e AR R R
Ji¥k, AT EORE BSR4 B X

min max 17; =
F ] i=1,--,k

st. g(x)=0

min 7
Ty

st. g(x)=0 (13)

V 'U';Tuz S m,

i=1,.k

3 EtgdemE MU

RUTF BRI R, S50 ARBER T R
DLAL in AT DA A

min  f(d)
s.t. n[g](dﬂx) Z 0] Z 7j,target » .] = 1727 D
(14)

Her, dAkItRE, = ARHEESHNE.
f AR, g A ThRE R B e R A R

nlg;(d,x) > 0] 1% Th e ek H T B AR AT 58 1 45

W, p AARANEL. njarger > 1 ABULSE EHHERER
AR PETRAR B B ARE. S5 B, WUORES 5E 1) carges > 1
(G =1,2,-,p), M2 T ZRARE AL & 1k S Boxk b
Y BRBEAT AN YT IR IE, SRt e A AR e B 2
HARFEA. AT H B EIPA B, B3
HEHAT R EESH, AR EESEK
2 SUMH.

Es AR B, 58 5 ST Re R B AE R AT e
PEFRHR nlg; (d, ) > 0] B H SR — ML R, B

min  max 7 =\/ulu;
T i:17.“7k (15)

st.  gj(d,x) =0

o, w ANHERSE © 1955 0 D IBEB R UE
e, kY REARER AR B2

AR, RO — MK E R LR, SR
Wl MU B B AR BRI, R R 45 5 B AERE R
AREVERAR R, PWRILAL BT AR R AT EE 1 4
Br. BT AR AL I A — RN K R, SR 2%
RS B DAL TR AR D4 R M, e S8 B o DA & A
WE. b, SR LA AR R TR b o e ot
TR RBEARSGRKE, R G AR
W EBR B TSR, A A 1R B SRR R A

3.1 ETHiRMERNRLTE

X T AR B Sl S PR R DAL ), 4
PR AL e A 2 AR AR R T 5 M AR R ) SRR DR
I3 0 S J2= G54 D0 A 38 AR ST T2 HR) A S 4 e W B
R, AR — R T BRI LT . 53
R AT EAFERE, BRI ARLY
B BETH RO0H R B AR BE R AT SR PR R AR 5 B AR SR e E
Lo, TSR AR B b L E R RF S A W AT R
WRBHWERE. BARtERe kd, HEERELS
A AR AKR T A € R T R n B
AREL Tcarger HTH R REER T, 32 o B AR FRCAR 3 o 2K
A BN R (I 2(b)). 120 Ak B R PROPR 75 B 2 £
o FROA AT BEE RO N B bR PERE . B A AR FROIR
DI EA AN RGO AR REE o 1
P55 e 8 A T 1 R R T A R i A 2 SRR TR 2
B a > 0 FYIAHES B BB IEER S R IXR
FAZZEE IESFAID), AR, B NGBHEER S K%
XARZE, X FAHESHE LA G, ARTEWN
JE. HHEWT A S kAR A

7 > Nearget & a > 0 (16)
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(b) Target-performance-based approach

B 2 fRHEdl U =h P RBRRS RS EE
Fig.2 Schematic illustration of limit state function in the

standard U-space

XF p NIRRT IR ARG L, SR

Ak iR JBL (14) 25580 695 TF B Fr P RE I D4k 17) B AT B
PO NN

min f(d)

¢ (17)
st. a;(d)>0, j=1,2,---,p

He, BirthaeH o BKHEIT

n;in Qj = gj(d7 :13)
s.t. |ul| = \/'U:;I'U:i < 7j target » i=1,2,--k
(18)
3.2 BRMREMRYEITE
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AR R B R AR RIS T AR FROR AN R R 2% R S

da _ dg(d,z*)
ad =%~ a4

(19)

Arf EARERE A = SRR d ARk, BREM
KA#, T EH MG 8 R A i R e kb, AT
DU Gt H B ARRA R AEH MR, HHAMASES.

FIS VO AR R d ARG L, — AR ek
AR 2, B-MEAHEESHEE z K5 UE
z. R (18), BArEREERIFE TS A

min  «a = g(z,x)

‘ (20)
st U U S Nippgers 1 =1,2,-,k

MR G4k R R AT AR < B 081, ATl
i 5B B DR 2 BR B B AR A )ﬁﬁﬁﬁﬂ?%@%ﬁt
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3xm +2) Nu U G = 0, m=1,2---,n
iel
(21a)
Xi >0, ulu; — Nearget =0, 1 € I(x*) (21b)

Hodr A, AN A A Y [ Lagrange 7, n AN
WESENH, 1(z) ARMREARKIEIRE.

LA d RAEMARSIN, KX (21b) fE#%
5n, BHEARMIMIBENREAE, Wizt d
MSHAOo, B

d(uzTul _ntzarget) _
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ou;
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a’U,i
= 24
5, =0 (24)

AR (23) 5

dg(z,z") _ Og(z,z")
= 2
de aZj ( 5)

(2) W0 R B BRI 4 XA 70 K FHE, 1l
2 (3) LI

0Zp  Oam (26)
AIE
99(z, ") _
0z, 0 (27)
Fs (23) &K (21a)
dg(z,z*) p0u; _ Og(z,x")
dZEj - ZQ}Vul aiﬂj - 8azj (28)

iel

PEAL B (14) o g AEBER AT REPEFRAR n 19 R
JEARK Gt H, T (25), (28) ATELE H, ik
AR R R Pk 2 B s E A E S B 4 UM,
H b PEREME o XF T 3k 22 & i RSB AR AR &
5.

4 BEEBH

B 1: 10 #F°F T A1 58

510 FEHF SR E 3 . AR B AL & 24 1000,
KPFIEBE KA 360. ik B AR A AR B AT R
AN, BRI R, K TR¥Y 0.1, B
R ITHE R 20.0. B E S BN BAT IR, BT
H2 EH 10% Mmhsh, FZIBBMASE R &2
AL B 15 B

B3 10 FrHTR S

Fig.3 Ten-bar truss structure

B0 1. Bfif 4 EA Py = P, = 100, Py = 400.
Xt T AR RN T A R, AR S S 2 R AR
N IIHIE, 55 9 FFRIAVER J1 8 75, HARFF AV
N3 A 25; XA 4 MET MABEMAR, FiF
PR 5. HBAEM R AT IR AR B4 1.0 F1 15
1 B

TGO 2 Wi XEHA Py = P, =100, P; = 0.
SO TG FEAEBE NN, T3 23, N 7 20 3RO B 5 17 1
1AHE. ZRAEMR TR R 4004 1.0 F1 1.5 |
15 BL.

PR BB R 5 A AR 1 R 2 PR,
R 2 5k E S H A SUE B e PR
R, HEFART RN R, LI EMmETE
PEFRFRA 1.0 B, AT RS ARAHEY iR
RES, S R PEAk 45 R 5 S0k [13]) AR A M S
P T BT HG R — B, WE T A SCHE B IEH
P MEFRH, MRS 9 = 1.5 B, &M
RUSEEEROZTREE. SRS WA 4
FE 5 fras, AL E AR e T

x10*
i —hA— casel,n=15
\ —— casel.n=10

A

0 5 10 15
iter./Num
B4 o1 xR
Fig.4 Iteration history of case 1

9

volume
o

x 104
I —A—

T =

case 2. n =1.5
case 2, 7= 1.0

volume

iter./Num
B 5 o2 mEMRas
Fig.5 Iteration history of case 2
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R1BERL BAMEBARTHBRELER
Table 1 Case 1: Optimal volume solutions with stress

and displacement constraints for the 10-bar truss

Quantity Cross-sectional area
Member Nominal  Convex model
n=10 n=1.5
number case in Ref.[13]
1 4.0558 4.4605 4.5083 5.0132
2 0.1000 0.1000 0.1000 0.1000
3 4.040 6 6.8217 6.8267 8.3053
4 12.346 5 14.0409 14.106 8 15.056 6
5 3.8644 4.3126 4.3056 4.3524
6 0.1000 0.1000 0.1000 0.1000
7 11.2634 12.3827 12.3790 12.6373
8 0.1000 0.1000 0.1000 0.5269
9 2.7681 4.6343 4.6139 5.67447
10 0.1407 0.1000 0.1000 0.1000
Volume 16 089 19506 19534 21496

=2 BR2 REENARTHEFRRLER
Table 2 Case 2: Optimal volume solutions with stress

constrains for the 10-bar truss

Quantity Cross-sectional area
Member Nominal Convex model
. n=10n=1.5
number case in Ref.[13]
1 7.9919 8.709 7 8.8103 9.2170
2 0.1000 0.1000 0.1007 0.1006
3 8.0074 8.8903 8.7893 9.1827
4 3.7342 4.3098 4.1475 4.3451
5 0.1000 0.1000 0.1068 0.3546
6 0.1000 0.1000 0.1000 0.1000
7 5.8243 6.350 3 6.3797 6.6609
8 5.4913 6.094 9 6.0672 6.3517
9 3.746 2 4.6587 4.7334 5.0790
10 0.1359 0.1445 0.1361 0.1362
Volume 14950 16775 16 756 17668

Foh, BATHUE O 1 AR AEBER AT SR PR AR 0 =
1.0 i K PLAb 25 RAE AT AF BT AR, 2053 3% I K (13)

I (18), RIS I 2T 1 ) 2 AR AR R AT 58
PEFR AR DA K E AR PEREME.  BCSCAIYE A S BT GE AR
B ARMEZ 22/ F 107, 3 Bl REAR D B S A
500. THHAERRE 3, B WERWE KBRS H,
AT LA H SR A B bk BE(H 2 b L SR AR AR R T 5
PEfebn e b, WO B R, MTIIER] T ASCH
Ly IECE: 8

R3 EBEAEMERSBEERENITELERLR
Table 3 Comparison between non-probability reliability

index and target performance value

(based on the optimum results when n = 1.0 in case 1)

Limit  Calculated by Eq.(13) Calculated by Eq.(18)
state Iteration Tteration
function number number “

25-stress[1] 267 1.000 49 0.000
25-stress[2] 30 4.737 22 9.638
25-stress[3] 23 1.000 19 0.000
25-stress[4] 21 1.002 18 0.006
25-stress[5] 375 1.001 76 0.010
25-stress[6] 31 4.898 22 9.760
25-stress[7] 14 1.007 10 0.016
25-stress[8] 21 1.340 21 2.443
75-stress[9] 500 13.940 7 41.701
25-stress[10] 304 2.080 24 3.614

. stress[i] FoRE ¢ WAFHK R SE.

Notes: stress[i] denotes the stress value of the ith bar.

il 2: 25 F PSR

SN 6 Fras. &R R HERLE Y 29000,
A NEF B AT ESE, Hf P P AR
— RS H, £ EA 400; Py 4 XAEHA 500;
Py 1125 AH A 300. 8Af P, P, P WA ZERECA
10%, #BAi Py WARZEREA 20%. Pite B F5 A4k

I 6 x600=3600 I

B 6 25 FrHi RS

Fig.6 Twenty-five-bar truss structure
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AR LT BRI S AR R T SRR AL 813

SET DN, AR SN T 25 AR BEE AT S
FEPRELA 1.0, Bk B AR ETE R, TR 0.10,
PIgREE 20. FHELERIF 4, BHE 2544 X
fEAE LT W e PEOL AL 2 3R, 58 3 5124 JCHR [13] H%
F BB T R K AR T g5 R, 28 4 514
FIR AT BB ‘WA B (n = 1.0) g
H. i3 Monte-Carlo B3 AT LLRUE, AR & PEOLAL
SRMEH AR A AN ITEEREY, X T
BRIt R R RARBEZMHER, KX gRE X
BR [13] HAn W& 8hF, #E— DR T AT e
EHTERERMER.

FT4 25 HMTREHHENARTHERLLER
Table 4 Optimal volume solutions with stress constrains

for the 25-bar truss structure

Quantity Cross-sectional area

Member Nominal Convex model .

number case in Ref.[13] =10
1 2.8744 4.0955 3.908 2
2 0.1000 0.1000 0.1000
3 0.1365 0.7931 0.7977
4 0.1000 0.6499 0.4649
5 11.5654 13.874 7 13.964 5
6 3.8216 5.5315 5.7773
7 0.1000 0.1000 0.1000
8 0.1880 0.4247 0.4493
9 0.1000 0.3266 0.3537
10 5.3702 6.148 7 6.164 5
11 8.256 1 10.1273 10.3312
12 12.646 2 14.2090 13.798 2
13 9.9735 11.064 7 11.0885
14 10.4378 11.4328 11.416 6
15 10.6858 11.7323 11.8128
16 0.6148 3.9277 3.9451
17 12.290 5 14.4725 14.6796
18 10.9514 12.1438 11.8530
19 6.9329 7.9949 7.9758
20 6.9328 7.9853 7.9573
21 71727 8.0676 8.0073
22 7.2453 7.869 6 7.8310
23 7.5157 8.2979 8.3020
24 7.5176 8.2789 8.2753
25 7.594 6 8.6956 8.646 7

Volume  1.0925x10°  1.2881x10°  1.2856x10°

Bl 3: 10 FF R4

510 FFRMTRINE T TR, AT A 23 %y
MM P, P BER. ZE&WKThREE R AT 4 2,3
By FALE Y AR AR 0.5x1073m , B

g=1/(v3+v3)/2<05%x 10°m

Hor, v Ml oy HIFRRTA 23 Ky WAL B
R EA BT HEER, HTHRA 65x107°m?, 4]
JRHEL 2x 1072 m?. 4k B AR AR A B B,

10m

10m

v,
5
|

B 7 10 FRMT R

Fig.7 10-bar slope truss structure

BAERES P, P ARBHESH, PWRMIA
SCEE A 1.0 10 N, FHA B A2 5 4

dp = [0p1,0p2]) € Ep = {0p|0pWpdp < 1}

19.7917

—4.2098
Hit Wp = .

—4.2098 14.9306

FAE 1~6 KSR ERAD B, F4F 7~10 3%
HEEAD B, MALHESE, Ha XED A
E, = 2x10"N / m? fil B, = 2.2 x 10"'N/m?, H
A [ A2 2 4 3R 4

0p = [0p1,0m2] € Ep = {0p|0 W pdp < 1}

15.2706

—2.4599 18.1110

2 HIBCAERE R AT FE AR A 1.0, 1.5 M5 LRt
e, HESGRIE S

F 5 5 2 FA AN E AL B SUE I
WETEAL G R, 34 5I0H A n=1.0Fln=15
W, AAXTTEITEBR A ek s R X
FENTEESHR, 2 EE Tkl g
SIRRATRR, METEERRORE, REK
PUACfE AR NG, 454t B 22 4.

750 8 — B B A R AL S K O, BR
BRI BB BKE (Pomax = 12318 x 10'N,
Py max = 1.2669 x 10*N), Tij 3 P A% &t 7] i 3 21
B/ME (Bi_min = 14826 x 1071 N/m?, Ey_pmin =
1.67728 x 1071 N/m?). %15 8 A b b A5 o i BR A%
RSN TT SRR R AT DU S H R AR R T 4

—2.4599
H Wp = [ ]
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PEFEFR AT “IaF IRETER 1.0, 24 1.32. WA EE Computer Methods in Applied Mechanics and Engineering,
fesE RIHE 5 055 5 91, EMBOEM, APRLGAR 2005 194 177901705
3 e N e 4 Frangopol DM, Corotis RB. Reliability-based structural
E\%ﬁjl\ﬂ:‘jﬁiﬁ&%m n=10 & n=1s ﬁrﬁum system optimization: state-of-the-art versus state-of-the-
Wi/l\éﬁ%Zlﬁ] practice. In: Cheng FY, ed. Analysis and Computation.
New York: ASCE, 1996. 67~76
5 10 FRHREBRELER 5 Allen M, Maute K. Reliability-based design optimization
Table 5 Optimal volume solutions for of aeroelastic structure. AIAA Paper, 2002~5560, 2002
the 10-bar slope truss 6 Ellishakoff 1. Essay on uncertainties in elastic and vis-
Quantity Cross-sectional area(10—2m?) coelastic structures: from A M Freudenthal’s criticisms to
Member Nominal Intending worst modern convex modelling. Computers & Structures, 1995,
=1.0n=15 o 56(6): 871~895
number case condition
1 13065 21041 2.5970 21657 7 Ben-Haim Y. A non-probabilistic concept of reliability.
9 08122 1.2489 1.5648 14078 Structural Safety, 1994, 14(4): 227~245
3 13235  2.1185 2.6723 2.1867 8 Ben-Haim Y. A non-probabilistic measure of reliability of
4 0.0065 0.0065 0.0065 0.0065 linear systems based on expansion of convex models. Struc-
5 0.0065  0.0065 0.0065 0.0065 tural Safety, 1995, 17(2): 91~109
6 0.0065 0.0065 0.0065 0.0065 9 Elishakoff I. Discussion on a non-probabilistic concept of
7 0.4924  0.6994 0.8859 0.8320 reliability. Structural Safety, 1995, 17(3): 195~199
8 0.5805 0.8191 0.9387 0.962 1 10 Qiu ZP, Elishakoff I. Anti-optimization of structures with
9 0.0065 0.0065 0.0065 0.006 5 large uncertain-but-non-random parameters via interval
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ON STRUCTURAL OPTIMIZATION FOR NON-PROBABILISTIC
RELIABILITY BASED ON CONVEX MODELS "

Kang Zhan? Luo Yangjun
(State Key Laboratory of Structural Analysis for Industrial Equipment, Dalian University of Technology, Dalian 116024, China)

Abstract This paper discusses the setting and numerical solution of the non-probabilistic reliability-based
structural optimization problem. Based on the convex model description for parameter scatters, the optimal
design of non-deterministic structures is formulated as a nested optimization problem, in which the inner loop
concerns a Min-max problem for evaluation of the reliability index. A performance measure-based method is
proposed, where the feasibility of a design is determined through minimization of the performance function value
within the parameter domain. The expensive computation of the non-probabilistic reliability index, as needed
in the conventional approach, is thus avoided. The proposed approach is applicable to structural optimization
problems accounting for deviations of material properties, geometrical dimensions and loading conditions. More-
over, the design sensitivity of the minimum performance function value can be readily evaluated. Numerical

examples show the validity and efficiency of the present method.

Key words structural optimization, convex model, non-probabilistic reliability, sensitivity analysis, target

performance approach
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