STRUCTURAL OPTIMIZATION IN ASEISMI(%IDESIGN
K.C. NigamI and S. Narayanan
SYNOPSIS

The structural optimization problem is formulated in
deterministic and probabilistic framework for earthquake
excitation. The problem is reduced to a nonlinear programm—
ing problem. The proposed algorithm is applied to the mini-
mum weight design of a truss structure supporting an eleva-
ted water tank.

INTRODUCTIORN

The aseismic design of structures may be undertaken with-
in a deterministic or a probabilistic framework. The occure-
nce of earthquakes during the service life of a structure
and the nature of ground motion during such an event are
essentially random phenomena., In view of this, a probabili-
stic formulation of aseismic design problems is necessarye.
However,due to lack of statistically significant information
regarding earthquake phenomena and relative complexities of
the probabilistic approach, aseismic design has been largely
undertaken within a deterministic framework. In this paper
the deterministic and probabilistic methods of aseismic de-
gign are extended to the domain of structural optimization.
The optimization problem is formulated with constraints on
the dynamic characterstics of the structure and its response
during an earthquake. The problem is reduced to a nonlinear
programming problem by eliminating time from the inequality
constraints (3,4). In this form, optimization may be carried
out by one of the algorithms of nonlinear programming (5).
The proposed formulation is applied to the minimum weight
design of a truss structure supporting an elevated water
tank using both the probabilistic and deterministic appro-

aches,
OPT IMI ZAT ION PROBLEM

A typical aseismic design optimization problem can be
stated in probabilistic framework as; Minimize W(J) (1)

m; -y
Subject to P [121 {Sji(x(d,t)) g_rji}] < py 3=1,2...n (2)

0<tELT
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where d 1s the design vector; x(d,t) is the dynamic response
due to earthquake; r%i is the conétraint on the functioﬁ
ie

Sji’ pj is the sgeci d upperbound on the probability of
failure; and W;(d) is the 1th natural frequency of the sys-

tem. In a deterministic formulation, the inequalities (2)
are replaced by a set of inequalities of the form

Sh(§(a’t)) S rh h=1,2, o0 (m1+m2 X +%) (28.)

The occurence of time in the inequalities (2) and (2a)
adds a dimension of difficulty to the optimization problem.
In order to obtain a solution of the optimization problem
through available algorithms of mathematical programming,
Ehe ti%etdependence must be eliminated from these inequali-

ies. Le

P [sji(f(ﬁ,t))z_rg:g, <1-P Emax 5,3 %, (3,4))} s_rji] = U, (@)
m

<H<T J1
(3)<c 3 o 3 _5)
1t U, (@<, PLL sji(xm,t))zrjiﬂ < B0 @y @ ()
Let Q) = a,
et g (@) ng:g [, @) (7)

Inequalities (2) and (2a) may, therefore, be replaced by
time independent inequalities of the form

qy(@ $by 3= 1,2, coomor (pmye.eim) (8)

which reduce the optimization problem to a nonlinear progra-
mning problem, which can be solved by one of the several

available algorithms.

EXAMPLE
An elevated water tank is supported on a truss structure as
shown in Fig.1. The optimization problem is formulated as:
Minimize weight of the ss W(d), subject to

Stress constraints P[it=11 {Is; @)1 ?-1"1}] <10t (@)

| 0<t<T

Acceleration constraints: P [la(a,t)lz_ag] <1074 (10)
‘ ~ 0gt<T

Frequency constraint: 5< W(@)<30 (11)

Side constraint: 4320 1= 1,c00000012 (12)
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where d is the design vector with elements A1,A2,A3,A6,A7,
AB,A11,A12,A16,L2,L7;A1 and Li are area of crosssection and
length of ith member; 8y is the stress in the ith member and
r, is the yield stress; a(t) is the absolute acceleration

er ta In the deterministic formulation, const-
ofi5Re 8V Wo) ’

raints are replaced by
Stress constraint: ]si:(a,t)lgri 1= 1,2, see 16 (9a)
0<t<T
Acceleration constraint: Ja(@,t) |<ag (10a)
0<t<T

The dynamic response of the system is obtained by treating
it as a single degree of freedom system with water tank as
rigid mass. The ground acceleration is treated as a statio-
nary random processes with power spectral density (1)

2
(W) = (2.9)° x 01238 (1+ u)2/147.8)/(1~ w2/242) + w2/147.8)
Int the deterministic formulation the maximum response is
obtained by using the velocity spectra given by %1)

- 1/2
Sy (Z,W,T) = 2,9 x 1.7976 [‘n GW)(1- e 2er/2’44)/2;u)] /
Assuming the response to be stationary Gaussian, we have (2)

1 2
P x(n)gg{lsi(t)l} _>_ri] = 1-exp[-T/1: 3.;1& exp(-3 (ri/o"si) )] (15)

The constraints on frequencies and acceleration are chosen
so as to keep the first three natural frequencies of free
Water oscillations less than the natural frequency of the
structure and to limit the displacement of the free water
oscillation., Stress constraints limit the stress within the
yield limit,

The reduced nonlinear programming problem is solved by
the SUMT of Fiacco and McCormick (5% incorporating a Fletcher
Powell algOI‘ithm. CONCLUSIONS

The structural optimization problem for aseismic design is
formulated as a nonlinear programming problem,

Optimization leads to consider@éble saving in weight. The results
for the probabilistic formulation and deterministic formulation

with factors of safety of 2,0 and 3.0 are given in Tables I, II
and III respectivelye.

The probabilistic design has the adva-

ntage of providing an upper bound on the reliability of the
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TABLEL _ PROBABILISTIC DESIGN
Ar | A2 | Az | Ag | A7 | As Au | Ar | As | A | L2 | L7 TvoluMe %0 RED.
INIT/AL 720 | 120 | 120 | 720 | 720 | j20 | 7120 | 720 | f20 | 120 | 360 | 360 [798564|IN yoluNg
FINAL 32.7 \77./1317/.43]700-9 [ 94.45|65.39189.08| 42.56| 52.98148.74 | 325-71353.2 | 439553 45

ACTIVE CONSTRAINTS AT  OPT/MUM STRESS CONSTRA/NT.
TABLE X _ DETERMINISTIC DESISN FAcroR OF SAFETY —2

Az A2 Az | As Ay Ag Ay AL‘ Az Ak L2 L7 |VOLUME | % RED
INITIAL {700 | 100 | 700 | 100 | 700 | 700 | 100 | 700 | 700 §| 100 | 360 | 360 665470 |INV
FINAL 29,33 153.16 {39.48161.96 133.23 |45.65]52.72 12252 |30.18 | 20.10 1 324 |353 [252098§ 62
ACTIVE CONSTRAINT. AT OPT/MUM. STRESSES N MEMBERS f ,3,4,6,7,8,9,10, 11,12,/5,14,15, /6,

TABLE T . DETERMINISTIC DESIGN FACTOR OF SAF&ETY - X
A A2 | Az Ac A7 | Ag Ay | An| As | Al Ltz | Ly |vorumel%reD.
NiTiaL | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 | 360 | 360 |é65470 |oLunie]
FINAL  |45.58 \ar.11 | 5858 | 92.2¢ | 50.80 | 6701|7891 |34-87 1 46.12 | 30.19 | 324 | 340 |378/55 | 45

ACTIVE CONSTRAINT'S AT OPTIMUM STRESSES IN MEMBERs 1,3,4,6,7,6,9./0,1,12,13, 14,5, 1€,
ALL DIMENSIONS IN /NCH UNITS .
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