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Abstract: Taking into account the uncertainty of structural system parameters and based on the proposed
new definition of the non-probabilistic reliability index based on convex models, a new mathematical model
and solution method of structural optimization design was proposed under the non-probabilistic reliability con-
straint. The super-ellipsoidal convex sets were taken to describe the uncertain parameters. The ratio between
the volume of safe region and the total volume of the super-ellipsoidal set for the basic uncertain variables was
defined as the measurement of structural non-probabilistic reliability. By taking the reliability index as con-
straint condition, the structural optimization problem was iteratively solved through the multiplier method and
the damping Newton’s method, which was a stable, efficient algorithm. Numerical examples verify the correct-
ness of the proposed method.

Key words : structural optimization ; non-probabilistic reliability ; convex models; uncertainty

Wi B, 2011-02-22; M4 HARETIE]. 2012-04-20 0918
) & HH gtttk . www. enki. net/kems/detail/11.2625. V. 20120420. 0918. 013. html
BEEUAR.: HEARE#IE BT H (11002013)

BN, TH4(1978 - ), B, Bepbl il A, BI#4%, XJWang@ buaa. edu. cn.



55 4

TR AR BT AR R R AT SR MR R S A A A BT 631

FES PR T AR B, Tl AR e
FUGNFEAHUAN RT3 B, AN 5 A 3R O Y ) st s
H i . BE D AR B D vk i SR SR (B
RE T AR , 56T R SEME RO D0 AL BT BEIE 1Ch F
FEME .

HEJUAE ] AT A X 2 TR R ] S 1y
DAL 2B B O e JRE A MR, AR BT R 20K
FR LU R BRI TV A, m] DL R Al
FE R S TR 25 4 0 AL BT IR TR 4
FH' . R Mg 3 A5 200 5 A 2 1 £ BRUHG , TR
TE SN E S BRI A, 6 R 2 ZE A R A
A K | TG 1 T R ABE 5 ] A PR AT 14 B 5
KU IR BT S S RO o BURR, B
SR AT RE2 T BUR A T A5 RO B gl X
SLULIIEBA 08 18 15 B LURS B A 78 i)
BEALPERS , LR AR KRR b S BOT AR A
AR B DTFE TR LA AT SRR
PR AR

TEVFZAOL T, BARANH 5 A8 1 (Angfr L
T RSE A4 RHIE PR 25 ) B ABE 3R 20 A7 1 AN 5y HE B
A (HE AT E SR T EAMERTS. 22T
XRRREAR SR 4 - 5] A 20 42 90 AR IR 1R
T RS AR A AR BER AT SRR A RE S A
N ARG TR VAT E S BT AE— 2 Y
N, W RGeS ] SRR JFE— DR AR R T g
PEFRE N — DX ) B AR — HAR(E. JEEEAC R
REURE - 2R R G0 mT LA PF R (8 AN W 2 P A 2R
M RGN Z ATEE, R Z RGURA AT HER). SCHR
[6 1R R B[R] 45 440 i) AN B 5 DL A BT AR 25
B, M BN 5 VR AR HEE R e B A (L, — TR
s AR SCHR[ 7 ] 4R LSS AR BT
RN E L2 = v VR = 2 B T ST T2
LM R BCEROR, HE T4 H H AR
REMELRA PH Bk R BB A Bk, SCRRL8 T il 1
ST ARMER MY (1 S5 H ] FEPE LA BT ik
SCHRLO — 10 ] 26 T X T KB e, $i i 25 J& X ] A2
AR PSRBT T k. SCER 11 ] S HTIX
IS 1% o S AL EAR A BEAN T E A 5 2
Bira] ., SCHR[ 12 5T 25 M i 17 g -5 JBE A F AR X
(IR Z SR ET d o R BV LR S R | B T S
LA ISR ZEAOEAL T 1k, 8 16 R AT FE SR
PRAE R AR, BEA TR K A

AR SCHE T o A R R E AN E S
BEFREAANH 1 A B A B R A AR S AT ek
AR BR AR HUAE D 2R AR AR R ] Sk i 2
T R T SRR S AR R, R TR

B H e T AT IEASK A, S BLAS A AT FETEDL AL

1 FHEMTEREHIKOEEER

R EEAAE AN A R R R B R T Il E
TSR () 0L 7 R R AR AR 32 B &2 T N R B
i) , 3k BE SO B BA AT e v, i LAZS R R 3
et AL ERR L N (O

WIRFE T X 8] 40 B 7 1%, 4 4540 A o o A
it I — XA TR, A R R
o x M xex = A ot JRRONIX AR L 4

1
'+ x

2

(1)

2

r
x =

JUEe)
¥ o= at —x = xS

o ¢ RAE LR DX ] 1 F- 34 K7 BR Ry X T !
ROEIME ; «" ZRAE I X A AH X T (8 ¢ A3 a1
O FRAIXTE] & 12EAR

SCHRE 3 T #8219 FH o S A R F A 25 4 ) A
WiE 2 a, R ER R S A 00 2 i 09 IRE
B, R F .

(xl _XE Xy _X; .. X, _X;)I .

Yo Ty

(%1 _X(l‘ Xy _X(l‘ . Xy _X:ljgl
YoTw Ty

Hodrifsk ot Xo FEER 50 X AT R (1) Sk
JE.
S EAL S B, R4
SNy ) (2)
s

AR T S AR TR A 4 Sy — > SRR B
BR,ABEUT .
Yyi<l k=1.2,n (3)
AT MR T S BN A 8 M
FOAE— AR Y. T8 AR AL S A AR 5, 3 —
AN AR B AT AT (R ER ) 5 — 1k S — A4k
() SR B BRI, FERRUELLZS R] PN, 1] B R BRI
555 T RE PR B S R 2 R) A LA B R R S
PRG54 2 4 B A B . 2 2 KR A A5 AR
MR R AT SEPEFR BR 4 2 L.

2 RAREMHES

B2 F T RE PR
M(R,S) =R -S (4)



632 G AT IS M NI S

2012 4F

X—ZMEI I A — 4IRS S AT R, J) 5 25 F4
JITAb B AR S R 2 A3 2 R AU, B AN E 2 i (1 B
(B2 (8] 53 SR8 4 S R R R0 8 43, EATT Y X 43
SRR A i R R 2 1o, B
M(R,S) =R-S =0 (5)
M P IEAE RN FEAR AR & ()2 4R (e a3k,
M RSB R /R BEAAS 1 (1) R A (R |, B
M(R,S) >0 R,S e 444 (6)
M(R,S) <0 R,S e JR&kik (7)
SOk 15 ] 46 0 AR R 4R A ] S
W, HIEAALEEK 5 4548 ) i pR A 30T =2 8] 1) AH
HAPERRWE RGN LR, BE CAERER
AR T S P ) B AR . K HBUME S T v 2R A
5 ARAR B AR BRI 22 R O R B R AL
B 1 2 4 s ) 3R Sk R Ak el T AR AR
A B RIS AR 2 L, Al 1 R,

S i
F.=m(M(R.S) <0) =22 (g)

y
. R
KA
A,
d
ol x
4 =1

BT ST AR 7 ik i AT R R TR R A

2 AL, IR N TR R, RO %
2 SR8 ] % BT 5 95
RIATBLZ RS S,
R = n0I(R.S) >0) = 22 (o)
LA B U S B0 B, T B,
S s RIS FE S £, 5 9l 0
R B 2 7, SRR S B9 T
PO S5, R 1 50 (8) At (9) , SR
PR O B B R 0 T L e
RIS S RIS RITRIE R (R 8C FLIRTE A5t
W

Sy
Fp“ = n(ﬁl(R,S) < O) = _§ﬁgz =

R, -8, R, -8, ( R, -8, T
arccos - 1 -
R+ R +S JR + S

I

S mnn
R, =n(M(R,S) >0) = ;”’J‘ -1 -

R, -S. R -5, / [RC—&jz
arccos - 1 -
R+ R+ JE + S
T
Hodr ROFN S, S5 A5 B N S ER S0 RN
S, 4350 Ry ek BE RN S BRI .

3 ZIFESRAEEANIRT

3.1 RAIEITHER
1558 B 25 R 2 PR AL 0 BT TR0 5 R Ry

min f(x)
s.t. g(x)=0 i=1,2,--,m
hi(x) =0 i=1,2,---,n

Hrp f(x) R HBRREx = (0,05, 00 ,%,) " JE7]
BB g, (x2) A b, (x) NAFZAM;m
Fl n S22 EL
HI TANE 8 PRS2, 2% T SEME 51 AR
FE AR A SRR A A R SRR T 25 M 15 552
PEARKERL AR Sy AT 25 0 AR A 28 7] S5 MO0 AL
L
min f(x)
s.t. g(x) =0
R, (x,y) =(R), j=12,-,n
Hopy A E L& AR R RRR N
R, (x,y) =(R)), j=1,2,-,n (10)
TES 1 TP E &R, AR B R FIZs
FANE ST S FeR A ERAS e B, G548 (%) A HE 2R AR
RS BR R FA] S FE RO

S s
Fset(x5y> = n(M(R’S) < 0) — ESe —

i=1,2,m

R, -S.(x,y)
arccos
JR + 8. (x,y)
~ _
R -S.(xy) | ( R, -S.(x,y) jz
VR, + 8 (x,y) JR + 81 (xy) /)
- =
arccosd —d /1 = d*
v

Som
Ro(x.y) = n(M(R,S$) >0) = Zg =

Ak

R, - S.(x.y)

R +S:(x,y)
+

m

arccos

1 -

R, ~5.(x.y) Jl_(fa—sxmy>y
VR + S (xy) VR + S (xy)

m




TR AR BT AR R R AT SR MR R S A A A BT 633

_arccosd —d /1 — d’

T
Horfr d Ry D B0 S 5O T Y B .

XA BT ER 245 08 R AR R AE
FURTRE B 2 A8 4 , A9 R B — DR R
MR EHASKF 45 2 AH, AL R 1] 5 BEARAS
INT L EAE, B

F(x,y);, =n,(M(R,S) <0) =
SE\
R, (x,y); = n;(M(R,S) >0) =
Sgﬂ <(S,), j=1.2,,m

e

3.2 KRFEMALRE
A SCOAR BB B3, 3l 3 Rockafellar 3¢ ¥
AR A i i %k FE AT 2R AROR . BT XA 82X
LYgUR A, E I AN AR & 2, (i =1,2,,m)
Mz, (j=1,2, n) RS AL 2 X AR %
1 A RS IE Sy
min  f(x)
s.t. g(x) -z =0
R.(x,y) -(R); -z, =0
j=1,2,+.n
TR AR FAE T 5IAFAR B3 T Hs 9
H pR%L

d(x,y,z,u) = f(x) + iui[gi(x) -]+

1

<(F), j=12,.m

i=1,2,,m

'21 u’m+j|:RseL(xay)j - (Rn>j _Ziwj:l +
j=
5 2 le(x) —21" +
iz

S 2Ry, = (R, =2,
j=1

PRAER T A% B H ek 0 — DU JT R 4L, 1
Tz, Mz, BT AR S & ZEAEORAS fe Ak
fift, BB (x,y,z,u) KT z U/IME, B

o(x,y,u) = mzincb(x,y,z,u):
V.o(x,y,z,u) =0
AR b X 2 Bl ¢, T LAAS 3
ZiI:CZ? - (u; + Cgi(-x)):l =0
Zuylezny = (., +c(R,(x,y);, = (R);))] =0
]' = 1,2,"',7L
PR e T DA A 3

i=1,2,-.m

g(x) wu +cg(x) <O
—u/c u; +cg,(x) >0

2
Rsc((x7y>_f - (R‘r])j T Zpe =

gi(-") _Z? =

R, (x,y);, - (R),
U,y + (R, (x,9); - (R,);) <O
- umj/c
U,y + (R, (x,9); = (R,);) >0
e (27) M=(28) BT hiAk B H ek U
LA FRIR N
¢(x,y,u) = mind(x,y,z,u) =f(x) +

;—c;umimo,m veg(x)) P -]+

L { I:min(o’um+f + C<Rsm<x,y)- -
2¢ A : !

(R =it
HR A AF A AL A ) B - R AR B IE A 2
™V =u® wch (x) i=1,2, m, AI{HF]A L
e LA, B
u™" = min{0,u” +cg, (x")}
w'y = minf0,u, + e(R, (x ), = (R,))) |

Horbr, AR kAL E +1 FRR3f T u YRR
1T 45 I ] AR Sy

{3 [min(e (), —u/e) | <o
{3 [min(R, e, = (B,),, = ,,/0) ) <o
Ho o VIR

ST T A SRR Y SR, A
5k 5 O/ 457 20 6 D AL 1 o
LSO PR AL T 3 5% L 2 o e 1
R, Sl BRI 7 W

sV == [ Ve yu) ] V(' y,u)
(10)
PEAT—YEEZOR R E L A, BT, (il
¢(x(k) + /\ks<k> sysu) :I}l?lon ¢(x(k) + Ak‘g(m sysu)

TR e 4 ik ik A= 0h
LD 2 B Al V2¢<x(k) ,y’u)]—l .
Ve (" ,y,u)

AR T A= TP K B R MRAE o 1, e
AR 2D 1R B B R e | (A5 Ak ) R
PSSR B B | L X 400 4 i 14 3 B SR AR ¢
SRTERS , FESEBR N H S T A R RIOR. 4R,
BEJE A= vk — g FEBE B3N 1 iz 55 &, [RIEF 2ok
TR Vo (2 |y, w) W8 FE. T A SCHh H A
PREE AR 5« BB PR AL, R EORAS By H 3k
15, WK 28 50 7 1k R AT oL

ZE TR FE T AR AR R Y T HE M p 25 4
PeAb BT Il R A 20 TR — 8k



634 G AT IS M NI S

2012 4F

IDRAPNG/NC R L N R S R L PR |
XA R ARk R

2) Bl 295 P A AR L e Ak Sk T 24 R A AR
ke In]

3) BERLR A ', T 1) = ARG Al
uV B e, AR E £>0,k=1;

4) Lh "V Ruihh e, 45 A TR iR M ELE 4
ik A B G 249 3R A AL IR) A8, B min @ (6, y,
Wy R

5) A EUSIEEN], BI A (10) , B
B A B R oo SRR s I R B 4)

6) FIHTeF LA o A ul Y
(i=1,2,,m;j=1,2,-n), 2 k=k+1,i&[A
IR,

4 HEEH

ARATHUR HISCRR[ 4 ] P50, 2 R 40ATAE
P2 B s A VR T B0 i il ) AL 3 e A6
5 1 AN X T] 2341 J7 K P B ANl E 00 8k )L
AT S5k 6 200 T 45 A 1) 0 285 I o g 2 4 . R AR iR
Hoff FIWED , 35738 LT 9 b ] W o ) 4544 4
T g P ) AL,

A

% ® 4 @ 3
PzT

=}
-

El2 AR

W 2 BRI A 4 /N FT TSR S5 F4) , A 2 T
FEE R 0.5 m, BHTFAT R 0. 5/2 m. FFAFRHE 3L
R E=7.2x10" Pa, & A p =2700 kg/m’.
oAk B bR Ry G540 i S T i e/ Bt R &« N FTE
PHEE R A, Prhiss X 8] R ., =450 x [0. 85,
1. 15 ] MPa, 7 J& 58 BE X [8] R, = — 450 x
[0.85,1.15] MPa,Zff P, =300 x [1 -8,1 +B]kN,
P,=100x[1-8,1 +B]kN, I R#E &, L g
HANHSE S

BT TSR Z5 44 5 0 A3 E T R AT @R
T B LA R X @ ~ @FF AT U0 Ak 158y 4k
PG s AR B AT RN ) X ). BT AT
i 3 DX TRURTFFEAA AR BT R B e DX Ta], AR 4R =0 (1)
A (3) AT TR A A AR BRI B A W] SE %
1) 10 77 568 B2 AR K.

S5 A SCHITR I T 25 T SE PR AR LAk

242 W RN e S TTPAN S B (TR ST AN UE | Ve ST E T
DAL TR Ay

min f(A)

s.t. g(A) =4, >0 i=1,2,---,7

RLAB) = (R), j=12,1

S SCEARAMTARAT b 22 ARSI A AR A mT
SERES R M 99. 9% | A3 M R T 45 FE 9 4 3k
IR

S s
Rse[<A’B)]‘ = nj(M(R,S) >0) = zeiﬂz _

R, - S.(x,y)

JR + S:(x,y)
+

I

arccos

1 -

Jl _( R, - S.(x.y) j
JR! + 8 (x,y)
™
j = 1’2,...’7
2 BB A SO R S5 1) 29 R R A (R RE PR AR
i) St AE i (EOETER ) 22 (847 £ 3 BRI PR A5G
F M B AR R B S0 T4k 2 0 R
Xof 278 e {1 SR A )L, TG 75 i A R RT SR AR A
[FAMNEAMEHTT M RGN B AL R, Wk 1.
1 AESMNERP EATHRULER
AN BE B 0.02 0.05 0.08 0.10

HO®EA A, /em®>  7.958  8.168  8.384  8.530
OB A, /em?  7.634  8.042  8.459  8.738
FOBImA Ay /em?  13.355  13.853  14.364  14.707
OB A,/cm®>  7.958  8.168  8.384  8.530
HO®EM As/em®  7.958  8.168  8.384  8.530
OB Ag/ecm®  11.254  11.551  11.857 12.064
HO®RE A,/ cm? 7.958  8.168  8.384  8.530

MR B M/ kg 9.706 10.021 10.346 10.563

1 T AR A AR AR AT SRR R BRI
99.9% I, A FT R AR R s i B e AR 4G 2R
XTI ARG AT @M@ R Z 1) KR,
VS &S LR AR AR IR TN  AONONEY ()
JS7 A3 B — B, A B B PL A 45 R A AH ). i HL B
A AN BRI O, DAL B AR o il 2 B K

AT SCHR [ 12 ] i A0 35 T X [h) 2% 48 )
SEVEDCAL AT, 557 SO 3 4 35 1 o A TR ) 2
AR A BT RSB 5 PR RO A B i A A ]
SEANIR]. T DX A AN R P A K A b
ANy HHESE AT IR BOR AL B, AR AR HBER H ]
NI RS T UL, ELAS By Ak B 22 Tt s Fi i
PR TR AN 7 e AR s i ke T i SR PR
P FE AT SEVE M LA R T Al SR A A e it o
PRELH T G i TS . SR, 25 B LI

= <Rn)j




55 1

TR AR BT AR R R AT SR MR R S A A A BT 635

SRk HUE X I) 55 TR R 7 1% TR A A
H PRV, R EA IO 8 N T A A ).

5 & &

LT DX ()R AN A2 M T AR R AL
HE ANy P25 ] Al e ROk AR B DR e (o A5 AR AR
R[] A] SEE RE B T IR AR S PR R 2 B T —
A BR . AR SCHE TR 5 3% KR M 25 H4 1) AN
TE SRR M ERAL B 254 2 A B PR R
FLA X [1) 72 BRI S AR 2 LA S A A A A
N RENE Y SRR O A A AR AR T
YA ZE RO AL WCfE ] S BEVR M 29 R A1
FHRe1-12: R BELJE A 00k X 110 A A 2 3 47 K (1
B PR AU AR SO B iR T7 AN AR AN
B B MR A 5 8L, L I AR ], %
TP AL 4 Ak BRSO ) A PR SR T
FEMEL. AR SCHR ) B AR A3 ] S P O AL A 50 3
W7 ANBRE PR A A A AR AR SR T A R Sk
FEPRIELE N, B 5y T AL B 227 i n) R, AT (75
R R AL BT O 5T A B 7 T
BAE L5 L.

S Z X #k (References)

(1] Tt I AHHE MG I 2B S e[ )] T3 2002 ,32
(2):205 -211
Wang Guangyuan. On the development of uncertain structural
mechanics[ J]. Advances in Mechanics,2002,32(2) ;205 =211
(in Chinese)

[2] Elishakoff I. Essay on uncertainties in elastic and vis-coelastic
structures : from A M Freudenthal’s criticisms to modern convex
modeling[ J]. Computers and Structures, 1995,56 (6) ;871 —
895

[3] Ben-Haim Y, Elishakoff 1. Convex models of uncertainty in ap-
plied mechanics[ M ]. Amsterdam: Elsevier Science Publisher,
1990

[4] Ben-Haim Y. Robust reliability of structures [ J]. Advances in
Applied Mechanics,1997,33:1 -41

[5] Elishakoff I. Discussion on;a non-probabilistic concept of relia-
bility[ J ]. Structural Safety,1995,17(3) ;195 - 199

[6] Ganzerli S,Pantelides C P. Optimum structural design via convex
model superposition[ J]. Computer Methods in Applied Mechan-
ics and Engineering,2000,74(6) :639 — 647

[7] JOHRE, % PHZE. MR M e n] SE M A P ML, 1150 00222
12,2008 ,25(5) :589 - 594
Kang Zhan, Luo Yangjun. Topology optimization of truss struc-
tures for non-probabilistic relisbility [ J]. Chinese Journal of
Computational Mechanics,2008,25(5) :589 —594 (in Chinese)
(8] Hgsy, B A T AN m] 52 0 9 45 1 AL 5T 5T
[J]. N 1242441 2005 ,22(3) ;381 385
Cao Hongjun, Duan Baoyan. Approach to optimization of uncer-
tain structures based on non-probabilistic reliability[ J]. Chinese
Journal of Applied Mechanics,2005,22(3) :381 —385 (in Chi-
nese )

[9] A4, B . B T AEME A R 1Y 45 1 vl 58 M A Ak et

(1], 35 1354 ,2002,19(2) ;198 - 201

Guo Shuxiang, Lii Zhenzhou. Optimization of uncertain structures
based on non-probabilistic reliability [ J ]. Chinese Journal of
Computational Mechanics, 2002, 19 (2):198 - 201 (in Chi-
nese )

[10] ik, ) . MR nl AL [ 1], Eh R R
27244 ,2002,30(3) 130 -32
Cheng Yuansheng, Zeng Guangwu. Non-probabilistic reliability
optimization of structures| J]. ] Huazhong Univ of Sci & Tech,
2002,30(3) :30 —32(in Chinese)

[11] Qiu Z P,Elishakoff I. Anti-optimization technique a generaliza-
tion of interval analysis for nonprobabilistic treatment of uncer-
tainty[ J]. Chaos, Solition & Fractals, 2001, 12 (9) ;1747 -
1759

[12] EBE fpifgig, G55 FTAEMRE S W SR 245
PALBIF[T]. T30 % 254 ,2011,28(6) 1827 - 832
Wang Xiaojun, Yang Haifeng, Qiu Zhiping, et al. Structural op-
timization design based on nonprobabistlic set-theoretic reliabil-
ity[ J]. Chinese Journal of Computational Mechanics,2011 ,28
(6) :827 —832(in Chinese)

[13] Wang X J, Wang L, Elishakoff I , et al. Probability and convexi-
ty concepts are not antagonistic[ J]. Acta Mechanica,2011,219
(1/2) .45 -64

[14] FrOM  DUEE  FLIEG. —FhJE TR M 4R Y 25 JE A2
A EEHERE[ ], TR 124 ,2009,26 (11) :203 -208
Qiao Xinzhou, Qiu Yuanying, Kong Xianguang. A non-probabi-
listic model of structural reliability based on ellipsoidal convex
model[ J]. Engineering Mechanics,2009,26 (11) :203 - 208
(in Chinese)

[15] Wang X J,Qiu Z P, Elishakoff I. Non-probabilistic set-model for
structural safety measure[ J]. Acta Mechanica,2008,198 ;51 -
64

(% 3B:F m)



