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Abstract

Nonlinear response structural optimization is performed using equivalent loads (NROEL). Nonlinear
response optimization is extremely cost because many nonlinear analyses are required. In NROEL, the
external loads are transformed to the equivalent loads (EL) for linear static analysis and linear response
optimization is carried out based on the EL in a cyclic manner until the convergence criteria are satisfied.
EL is the load set which generates the same response field of linear analysis as that of nonlinear analysis.
The primitive form of theory has been published. In this research, the theory is investigated with large scale
example problems. Four examples are solved by using NROEL. Conventional optimization with
sensitivity analysis using the finite difference method (FDM) is also applied to the same examples.
Moreover, response surface optimization method is applied to the last two examples. The results of the
optimizations are compared. In nonlinear response optimization of large scale problems, hundreds (or even
thousands) of nonlinear analyses are expected to satisfy the convergence criteria. However, in nonlinear
response optimization using equivalent loads, only tens of nonlinear analyses are required. The results are
discussed and the usefulness of NROEL is presented.
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Table 1 Nonlinearity of 200 truss structure

Linear analysis ~ Nonlinear analysis
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Max. stress
Max. displacement
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Table 2 Optimum results for the 200 truss structure

Linear optimization

Nonlinear optimization

NROEL method Finite difference method
Number of iterations(cycles) 7 20 35
Optimum mass 2.207(initial) <> 0.772 0.767 0.779
Maximum stress 256.7 MPa 250 MPa 250 MPa
Maximum displacement 478 mm 496 mm 500 mm
Maximum violation 2.68% 0.0% 0.0%
Total number of iterations for
linear respon: timization 7 33 0

ponse op

Number of nonlinear analyses 0 20 3465
Violated constraint member 197,200
Active constraint member 196 148,172, 197 126, 1451’912‘ti1§’9;64’ 172,
CPU time 2 seconds 16 minutes 13 hours
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Table 4 Optimum results for the 280 shell structure

Linear optimization

Nonlinear optimization

NROEL method Finite difference method

Number of iterations(cycles) 6 10 7

Optimum mass 7.59 (initial) > 6.94 7.89 7.76

Maximum stress 270.5 MPa 60 MPa 60 MPa

Maximum violation 350.8% 0.0% 0.0%

Total number of iterations for linear

. 6 30 0

response optimization

Number of nonlinear analyses 0 10 1975

Violated constraint member Total nl}mber of v1qlated

constraint member is 78.

Active constraint member 96, 128, 208 96, 128, 208

CPU time 15 seconds 22 minutes 8 hours 16 minutes
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Table 6 Optimum results for the arch type 144 shell structure (144 design variables)
Li timizati Nonlinear optimization
Hhear optimization NROEL method __ Finite difference method
Number of iterations(cycles) 14 16 6
Optimum mass 2.295 (initial) > 1.786 1.855 2312
Maximum stress 339.9 MPa 301.1 MPa 299.8 MPa
Maximum violation 13.3% 0.4% 0.0%
Total number of iterations for linear 14 93 0
response optimization
Number of nonlinear analyses 0 16 888
) . 49, 52,53, 130, 133,
Violated constraint member 137, 139, 140, 141
Active constraint member 60, 62, 138 68 60
CPU time 11 seconds 21 minutes 6 hours 31 minutes
Table 7 Optimum results for the arch type 144 shell structure (3 design variables)
Nonlinear optimization
Linear optimization Finite difference ~ Response surface
NROEL method
. method method

Number of iterations(cycles) 8 10 4 11
Optimum mass 2.295 (initial) > 2.451 2.293 2.589 2.940
Maximum stress 356.3 MPa 298.7 MPa 300.2 MPa 290.4 MPa
Maximum violation 18.8% 0.0% 0.0% 0.0%
Total number of iterations for g 29
linear response optimization
Number of nonlinear analyses 10 61 18
Violated constraint member 49, 141 49
Active constraint member 141
CPU time 3 seconds 4 minutes 7 min. 56 sec. 2 min. 19 sec.
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Table 8 Nonlinearity of planar connecting rod

Linear analysis ~ Nonlinear analysis

Max. stress 274.5 MPa 240.8 MPa
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Fig. 10 The result shape of optimization
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Table 9 Optimum results for a planar connection rod structure

Linear optimization

Nonlinear optimization

Finite difference  Response surface

NROEL method method method

Number of iterations(cycles) 5 6 4 13
Optimum mass 8.02 (initial) > 7.68 7.80 7.67 7.91
Maximum stress 239.3 MPa 229.1 MPa 230.5 MPa 230.3 MPa
Maximum violation 4.04% 0.0% 0.2% 0.0%
Total number of iterations for

. N 5 25 0 0
linear response optimization
Number of nonlinear analyses 6 28 20
Violated constraint member 209
Active constraint member 208 209 202, 209 202, 209
CPU time 3 seconds 6 minutes 4 minutes 5 min. 13 sec.
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