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Abstract

Three methods for design sensitivity such as numerical differentiation, analytical method and semi-
analytical method have been developed for the last three decades. Although analytical design sensitivity
analysis is exact, it is hard to implement for practical design problems. Therefore, numerical method such as
finite difference method is widely used to simply obtain the design sensitivity in most cases. The numerical
differentiation is sufficiently accurate and reliable for most linear problems. However, it turns out that the
numerical differentiation is inefficient and inaccurate because its computational cost depends on the number
of design variables and large numerical errors can be included especially in nonlinear design sensitivity
analysis. Thus semi-analytical method is more suitable for complicated design problems. Moreover semi-
analytical method is easy to be performed in design procedure, which can be coupled with an analysis solver
such as commercial finite element package. In this paper, implementation procedure for the semi-analytical
design sensitivity analysis outside of the commercial finite element package is studied and computational
technique is proposed, which evaluates the pseudo-load for design sensitivity analysis easily by using the
design variation of corresponding internal nodal forces. Errors in semi-analytical design sensitivity analysis
are examined and numerical examples are illustrated to confirm the reduction of numerical error considerably.
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Shell63 Table 1
ANSYS
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Fig. 2 Finite element model of a simple nonlinear shell
structure
10°(%)~107(%) Table 1 Material properties and design variable of a
simple shell structure
Length of side (mm) 200
10°(%) Load (N) 2

(N Young’s modulus (GPa) 210
Poisson’s ratio 0.3

\ | Ag / Ab— dg / dbl Design variable (thickness, mm) 1

Error (%) = T dgjdo ) Perturbation (%) 0.00001
, Ag/Ab Table 2 Fig. 2
, dg/db
0
3.1 Table 2
0
0 ’ Table 3 0

Fig. 3
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Table 2 Internal forces and pseudo-load with
displacement load method at the no-perturbed

Table 6 Comparison of tip displacement sensitivities
obtained by displacement load method and

element augmented displacement load methods
Qo(Ub+Ab) QUU.b) (QD(ICJ)J;BAE))/-A b Sen. : FDM Sen. : DLM Error(%)
T 02173E+03 6748506403 2 73;38’E+09 Ux -2.94191E-04 -3.37163E-04 -1.46068E+01
Qx '9'63027E+05 '9'62760E+05 _2.66901E+09 Uy | -3.72751E-05 | -3.19978E-05 | 1.41579E+01
Q '2'0“89E+06 '2'01108E+06 '8'09343E+09 Uz | -3.26806E-02 | -3.77399E-02 | -1.54811E+01
Q '1 .10581E+07 '1 '13131E+07 '2'55030E+12 ROTx | -3.12514E-03 | -832997E+01 | -2.66537E+06
Qz | 1 : ~ ROTy | 1.58939E-03 | 226765E+01 | -1.42664E+06
Qzx 1.05598E+08 1.05616E+08 -1.81162E+11
ROTz | 1.51758E-02 1.76283E+00 | -1.15160E+04
Qxy 1.30113E+05 1.00690E+05 2.94236E+11 . od
. ugmente o
Sen. : FDM DLM Error(%)
. U -2.94191E-04 -2.93405E-04 2.67386E-01
Table 3 Internal forces and pseudo-load with UX 79751505 70787505 = 26954E01
displacement load method at the no-perturbed Y . - - a
clement Uz -3.26806E-02 -3.25533E-02 3.89499E-01
ROTx | -3.12514E-03 -3.07136E-03 1.72092E+00
. - . - o +
oUbr) oU5) (Qo(U.b+AD)- ROTy 1.58939E-03 1.56047E-03 1.81971E+00
> > Qo(U,b))/Ab ROTz 1.51758E-02 1.50321E-02 9.47145E-01
Qx | -7.02173E+03 -7.02173E+03 0.00000E+00 DLM : Displacement load method
Qy -9.63027E+05 -9.63027E+05 0.00000E+00
Qz | -201189E+06 | -2.01189E+06 |  0.00000E+00 Table 6
Qyz | 1.10581E+07 1.10581E+07 0.00000E+00
Qzx 1.05598E+08 1.05598E+08 0.00000E+00
Qxy 1.30113E+05 1.30113E+05 0.00000E+00
Table 4, Table 5 39
Fig. 3
Table 4 Internal forces and pseudo-load with
displacement load method at the perturbed element
R Shell63 , Table7
o(U,b+Ab)-
QD(U:b+Ab) QL(Usb) QL(U,b))/Ab Table 8
Qx 6.00763E+03 6.74803E+03 -7.40401E+09
Qy 9.63484E+05 9.62758E+05 7.25987E+09
Qz 2.01007E+06 2.01108E+06 -1.01264E+10
Qyz -1.15677E+07 -1.13131E+07 -2.54594E+12
Qzx -1.05568E+08 -1.05616E+08 4.76052E+11
Qxy -2.32201E+04 -1.00687E+05 7.74671E+11
Table 5 Internal forces and pseudo-load with

displacement load method at the perturbed element

Qo(U.b+Ab) Qb |
Qx 6.00763E+03 6.00763E+03 8.60119E+04
Qy 9.63484E+05 9.63483E+05 9.50326E+05
Qz 2.01007E+06 2.01007E+06 6.02216E+06
Qyz 1.15677E+07 -1.15677E+07 -3.47048E+07
Qzx -1.05568E+08 -1.05568E+08 -3.16705E+08
Qxy -2.32201E+04 -2.32201E+04 -1.57617E+05
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Fig. 3 Finite element model and deformed shape of

nonlinear curved shell
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Table 7 Material properties and design variable of a
simple shell structure

Length of side (mm) 100
Load (N) 10
Young’s modulus (GPa) 210
Poisson’s ratio 0.3
Design variable (thickness, mm) 1
Perturbation (%) 0.00001

Table 8 Comparison of tip displacement sensitivities for
geometrical nonlinear curved shell computed by the
developed methods with those computed by finite
difference method

Sen. : FDM Sen. : DLM Error(%)
Uy -1.35418E-01 -1.35418E-01 6.00000E-05
Uy 4.93623E-01 4.93623E-01 6.30000E-05
Uz -1.17644E-03 -1.17634E-03 8.02500E-03
ROT, 4.85863E-04 5.75051E-01 1.18260E+05
ROT, 1.43954E-04 -2.25191E+00 1.56440E+06
ROT, 2.33253E-02 2.91752E-02 2.50790E+01

Sen. : FDM Modified DLM Error(%)
Uy -1.35418E-01 -1.35418E-01 2.40000E-05
Uy 4.93623E-01 4.93623E-01 3.20000E-05
Uz -1.17644E-03 -1.17645E-03 1.26500E-03
ROT, 4.85863E-04 4.84645E-04 2.50700E-01
ROT, 1.43954E-04 1.46647E-04 1.87120E+00
ROT, 2.33253E-02 2.33253E-02 4.70000E-05
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