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Abstract

It is main objective of this approach to present a method to analyse stochastic design
sensitivity for problems of structural dynamics with randomness in design parameters. A
combination of the adjoint variable approach and the second order perturbation method is
used in the finite element approach. An alternative form of the constant functional that holds
for all times is introduced to consider the time response of dynamic sensitivity. The terminal
problem of the adjoint system is solved using equivalent homogeneous equations excited by
initial velocities. The numerical procedures are shown te be much more efficient when based
on the fold superposition method : the generalized co-ordinates are normalized and the
correlated random variables are transformed to uncorrelated variables, whereas the
secularities are eliminated by the fast Fourier transform of complex valued sequences.
Numerical algorithms have been worked out and proved to be accurate and efficient : they can
be readily adapted to fit into the existing finite element codes whose element derivative
matrices can be explicitly generated. The numerical results of two cases - 2-dimensional portal
frame for the comparison with reference! and 3-dimensional frame structure - for the

deterministic and stochastic sensitivity analysis are presented.
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Fig. 2. Load function applied to 2D frame.

Fig. 3. 3D frame of 80-elements.
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Fig. 4. Load function applied to 3D frame.
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Fig. 5. Displacement of deterministic and
stochastic analysis for 2D frame structure.
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Fig. 6. Variance and crossicovariance of displace-
ment in stochastic analysis for 2D frame
structure.
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Fig. 7. Expectation of sensitivity of determin-istic
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structure.
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Fig. 8. Variance and cross-covariance of sensitiv-
ity in stochastic analysis for 2D frame
structure.
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Table 1. Properties of calculated 3D frame

structure
Young’ s modulus, E(kgflem?) 2.0x10°
Poisson’ s ratio, v 0.2
Mass density Damping factor | <Response>
pkg/em®) 3
0.001 0.02 Fig. 9~12
0.002 0.002 Fig. 13~16
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Fig. 9. Displacement of deterministic and stochas-
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placement in stochastic analysis for 3D
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+ i i
o - do
I N At 1
H >Q\‘ B Pl L&Y
%0 HID A\ P WLV . LV a
WIS WV
-20110° \/ B

~40110°

60:10" 4

Y T T T T
0o a1 02 03 04 o5

Time, sec
Fig. 11.Expectation of sensitivity of deter-ministic
and stochastic analysis for 3D frame
structure.

Damping :0.002 Mass dens. . 0.002
T T

380’ T T

30e10" Sensitwity vanance st node 21 .
* Sensitvity variance st node 31 I
- Sensibvily Crass-Covanance at nade 21-34 5 4

1510% -
1010°
50x10°
a0
S5 0n10* o i ~
-1 0x10° =
Y T
o3 o1 02 0.3 04 s

Time. sec
Fig. 12. Variance and cross-covariance of sen-
sitiv-ity in stochastic analysis for 3D
frame structure.

—444 -



Zag F2ES $EEF T3 WPz AN AP AT

A9l ¥

P

© e e ®

e shFo] Zady] A& 0.15
AMEE 5ol Evte 0325 AUA
4 WA A9 v &3 $HES B
Fig. 112 21 2 3138 oA B &3 9=
o FEEH Uz S YA, 1 E)
Aol E 022 THAMRE HAXN 242 F
AtolE Hoju HiA 2 F A7t & dAFE B
At E3h, 3hFo] ZAast7] A&t 0.152 714
21837 318 A A e $HEAS
Holtiz}, 0.25% WA RE RZT Sdo] @
A3A FolE & Jepdch
Fig. 12 21 2 318 M| A Riztxe] £ 18]
3 21-318 46 Ngxe] FEAS Vehin,
23t e] 7 -9 0}-% e 548 Btk 218
AolA 0.06% R 0.15% RIoA 3 X7} e}
vhal, o] 5 §AEX] o vl & 0.2% R A] 4], 5u)

:_
T
44

T

=g

Damping 0002 Masa dema 0.002
T T

30810 - Daterministic vor giap. ot node 21
+  Ootarministic hoe. disp &t node 31
~—— Stochastic ver. dizp. &4 node 21

Stochsatic hor dizp. t node 31

Disptacement

SV &

200" T T - T
co c1 02 03 o4 0s
Time, sec

Fig. 13. Displacement of deterministic and sto-
chastic analysis for 3D frame structure.

Damping :0.002 Mass dona. 0.002
T T

Time. sec
Fig. 14. Variance and cross-covariance of dis-
placement in stochastic analysis for 3D
frame structure.

2 $ASYEAHE Holtl oAl @l A e
ageel Al #1502 deidn, £ 214y

2 0.156% RZejAe] &5e] 70%
Bx 2719 fﬂﬂxl 7F vygu, k5] Buve
032255 thA] @A A 27|7F Sl € 279
SHEHEA 2 21 g ol A o] A g3} v &8t

214 oMo A9 31N A 3
Aol dig &3 2 % &EEFH WH FIHA
Aol 2§ A v w2, Fig. 13(£=0.002
/p=0.002)2] &5 A4 L Fig. 9(E=0.02/p=
0.001)¢] W] AIMSHEAH A ¥ A
& Holn, AR 9 A7lT AA Fo]7t e}
WA Ee &+ Uk

2184 ] +AMALTH, 318 H 9 YUY $
o A R 21-318 49 TRV, Fig.

Damping :0.002 Maas dens. : 0.002
T

- Duterminiatic ver disp. sl node 21

»  Determintic hor diap. st node 31
—— Sichastie ver ditp. 8t node 21
Stochastic hor. disp st node 31

Disptacement

Time, sec

Fig. 15. Expectation of sensitivity of deter-min-
istic and stochastic analysis for 3D frame
structure.

, Damping :0.002  Mass dens. . 0.002
35030 T T T T

oo 01 02 03 o4 os
Time. sec
Fig. 16. Variance and cross-covariance of sen-
sitivity in stochastic analysis for 3D frame
structure.

—445-



7

14(£=0.002/p=0.002)¢] ¢HEA &, Fig.
10(£=0.02/p=0.001)7} T}& T} & EA L BQlth
Z Fig. 109 v]a} 224 S 1108 Zo|d, 21
AR #2E 0 B3 HAY Flee 3
FE B

21373 9 318 A9 F i s g
o] A3} vim2 A, Fig. 15(£=0.002/p=0.002)2]
SHEA L Fig. 11(€=0.02/p=0.001)7} o}F &
AL £ & Bl

213873 9 313 AN Uz #4 agn
21-31"8 QN AREe] FRALSH A}y
22 A, Fig. 16(E=0.002/p=0.002)2] ¢ HEA
£ Fig. 12(£=0.02/p=0.001)2] 7] 2} ¢} A
Lxrt B 2, J32X] G Aztoizt 4
ol3tH, 3 Axj 9] A7} o}F thEA YEldS
& = sk

2 £

TEEY 78, Agd 54 2 5% 2
< EFE FEEH HFR /MY e
HEE 0] 83 FE FF8LYE A3, 7
E S99 Udx=E, 84 ¥4 =2 o/&He
Fe8E F=E A HEY + IS E 0D
@ 7229 T3 SHY FAHY AEDY 3
Aot vwstr] A 23 T g 29
=9 A5G S 2 34 ZHY FRE)E
A Eolnz den, 2 ARE V& 2
oo vl sste] B3y 2 F84S Fdsh

2 =2dM AAE FERTLEY S o] &3}
o 71&9 fEaio]l BE 4 AU, 4A T
ZEA AT = 3l EFFPS g ¥FES
TEH o2 GASA FAT & Ux, AA A
339 A AAXE FF AU Whe <3
Ao} FAIG AFES HYo 2N A8 2R/
7t 9 Aoz HAH Ak ¥ o}, FE
ol e 984 2T AN 3o &
Ao A T2 A4 9% 4 EAdx AH3A
A& o glojA, 7= 89 UAx A A4
AME AR ZA 3 D AL +8E 7HssA
& g o AR T2 A AR E FERF

B

|

22%9 BYste dEHA 248 T2 ey
43 45H € /Mg Ed, 2ERdsays 72
A 9xe 2d AN A9 51 2HE
Yehd & &% 4

#8502 WL 474 W5 @B AA 7
28 AYSE ¥ 9o} o] WEE TAGD 4

g Ae ol 8% AnE 29 = Uk
ol & HA FANE S K37 At FEE2HQ
3 Mo] Brlulsn, olgd] T2 UZE X
TRH Ao} v}, 23 VR HH L &
e dNes 0 F2ES g o FEAS
& 7 39 olF AFAL ez (et o
21 o] ¢ FL2 71Ee] FEarH HA A
&% F ot

71E9 AN E o}y F2ES EHoR
OFe 47 23 A g A3z ¥ %
A dtE 722 £ £ §E/FT2LY
€ o] 8% T4 AN Ui AT AHE F 49

BFEEAHAE IS FUE A2 AgEt
Znzs

1) Haug, E. J., Choi, K. K. and Komkov, V.(1984) :
Design Sensitivity Analysis of Structural
Systems, Academic Press, N.Y.

2) Ryu, Y. S., Haririan, M. and Arora, J. S.(1985) :
Structural Design Sensitivity Analysis of Non-
linear Response, Comput. Struct., 21, 245~255.

3) Mroz, Z. and Haftka, R. T.(1986) : 1st and 2nd
order Sensitivity Analysis of Non-linear
Systems, ATAA J.,24, 1187~1192.

4) Lim, O. K. et al(1994) : Structural Optimization
using Stochastic Finite Element Method, &g
WEE 3oTE, 18(8), 1920~1929.

5) Shinozuka, M.(1987) : Structural Response

Variability, J. Eng. Mech., ASCE.,113(6), 825~

840.

Vanmarcke, E. and Grigoriu, M.(1983) :

Stochastic Finite Element Analysis of Simple

Beams, J. Eng. Mech., 109(5), 1203 —1214.

7) Bucher, C. G.(1988) : Structural Res-ponse
Variability II, J. Eng. Mech., ASCE, 114(12).

6

faid

—446 -



8)

9)

10)

11)

12)

13)

14)

T F2ES] FEEA T3 NAT M) BF AT

Deodatis, G.(1991) : Weighted Integr-al Method
I : Stochastic Stiffness Matrix, J. Eng. Mech.,
ASCE, 117(8).

Benaroya, H. and Rehak, M.(1988) : Finite
Element Methods in Probabilistic Structural
Analysis : A Selective Review, Appl. Mech. Rev.,
41(5), 201~213.

Liu, W. K., Belytschko, T. and Mani, A. (1986) :
Random Field Finite Elements, Int. J. Num.
Meth. in Eng., 23, 1831—1845.

Contreras, H.(1980) : The Stochastic Finite
Element Method, Comput. Struct., 12, 341—348.
Rao, S. 5.(1980) : Structural Optimization by
Chance Constrained Programming Techniques,
Comput. Struct., 12, 777~781.

Hasofer, A. M. and Lind, N. C.(1974) : Exact
and Inrariant 2nd-Moment Code Format, J.
Eng. Mech. Div., 100(EM1), 111~121.
Bousselet, B.(1982) : Quelques Results en

15)

16)

17)

18)

19)

-447-

Optimization de domain, these d’ Etat, Univ. de
Nice.

Hien, T. D. and Kleiber, M.(1990) : Finite
Element Analysis based on Stochastic Hamilton
Variational Principle, Comput. Struct., 37(6),
893~902.

Hien, T. D. and Kleiber, M.(1991) : Stochastic
Structural Design Sensitivity of Static
Response, Comput, Struct., 38(516), 659~6617.
Hien, T. D. and Kleiber, M.(1991) : Stochastic
Design Sensitivity in Structural Dynamics, Int.
J. Num. Meth. in Eng., 32. 1247~ 1265.

Hien, T. D. and Kleiber, M.(1992) : The
Stochastic Finite Element Method, John Wiley &
Sons Ltd.

Ryu, Y. S.(1990) : Variational Approach for the
Design Sensitivity Analysis of Geometrically
Non-linear Structures, kit RKREE HHE,
10(2).



