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Abstract{ TWeight minimization for the steel bridge girders using an approximation based

optimization technique is presented. To accomplish this, an optimization oriented finite

element program is used to achieve continuous weight reduction until the optimum is : -

reached. To reduce computational cost, approximation techniques are adopted during -

the optimization process. Constraint deletion as well as intermediate design variables

and responses are also used for higher quality of approximations and for a better conver-

gence rate. Both the reliability and the effectiveness of the underlying optimization method

are reviewed.
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1. Introduction

In the community of structural analysis, the fi-
nite element method has emerged as the most
commonly used approach. Structural optimization,
on the other hand, has just started gaining popula-
rity. The growing number of applications using
various types of optimization methods for better
and more efficient designs demonstrates the inc-
reasing confidence in optimization within the com-
munity. In general, an optimization problem is sta-
ted as ;#1119

Find the set of design variables X, that will

Minimize F(X) ‘ )

Subject to

GX)<0 j=L M ; (2
HX)=0 k=1, L ' ' [6))
XX <xY .i=1, N 4)

where F(X) is the design objective, G;(X) and
H,(X) are inequality and equality constraints res-
pectively, and XU, XiL are upper and lower bounds
respectively for the design variable X;. |

Prior to 1974, finite element method based stru-
ctural optimization was performed by a simple
coupling between the finite element analysis and
the optimization algorithm. This approach, howe-
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ver, was found to be impractical. This is because -

the optimization process usually requires the obje-
ctive, constraints and their corresponding gradie-
nts with respect to design variables be evaluated
many times, and each time a complete finite ele-
ment analysis has to be performed.*'® Further-
more, the number of constraints is usually high
in real applications, thus making the gradient cal-
culations even more costly. As a result, the com-
putational resources needed in achieving an opti-
mal design for real applications is beyond people’s
acceptance,

To resolve this difficulty, the concept of creating
an approximate problem in structural optimization
was introduced by Schmit and ‘Miura in mid
1970s.® Their proposed approach which is based
on the Taylor series expansion provides a simple
and yet powerful tool in structural optimization.
Since then, the approximation approach has been
continually studied and developed, and considera-
ble progress has been made in recent years. High
quality approximations maintain the essential fea-
tures of the analysis problems and can be quickly
evaluated during the optimization process. The ob-
jective of using approximation techniques is to
create an optimal design with a computational cost
comparable to finding only an acceptable design
using traditional methods.

In order to make best use of the most advanced
approximation techniques, it is desired to have
a software which has both analysis and optimiza-
tion capabilities from the beginning rather than
adding optimization to an existing analysis prog-
ram.*® Based on this concept, fully incorporated
structural optimization programs—in which the
approximation method and finite element analysis
are integrated —have been developed. One succes-
sful example of these developments is the GENE-
SIS program, which was developed by the second
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and third authors.® It is fair to say that structural
optimization technology has matured to become
a practical design tool and can be efficiently app-
lied to a wide range of design tasks.
Nevertheless, it is observed that structural opti-
mization is still recognized as a relatively new
field. This may be due to the fact that most desig-
ners/engineers are not familiar with the concepts
involved in optimization. Therefore, it is desired
to introduce structural optimization to various ty-
pes of real world design tasks. In this paper, struc-
tural optimization is applied to the design of sim-
ple steel plate girders which are the inajor Compo-
nents in bridges and in many other structures.
The convergence rate, reliability and effectiveness
of the underlying structural optimization program

are examined.
II. Finite Element Analysis'’

The finite element method requires solving the

following matrix equation »
KU=P (5)

where the stiffness matrix K is the summation

of all the element stiffness matrices K;

NE l
K=3k ®

and NE is the number of finite elements in the
model. The element stiffness matrix k; is derived
from the stiffness matrix kY which is formed in
element’s local coordinate system, followed by a

geometric transformation using matrix T :
k=T"K'T i (7"

The matrix P contains load vectors from all
the loading cases, and the matrix U contains their
corresponding nodal displacements. The stiffness
matrix K is a function of design variables which



represents some structural features. The load ma-
trix P itself can also be a function of design varia-
bles, as in the case of structural gravity loads.
- The displacement matrix U can be solved using
the following equation.

U=K'p )

In practice, however, we do not actually invert
the stiffness matrix K, but decompose K and solve
the equation using forward and backward substitu-
tions. The element force is calculated from displa-
cement results and the element stiffness matrix
associated with that element, followed by the tran-

sformation to its local coordinate system :
u’=TU (9

where U and u® contain displacements of those
nodes associated with the element of interest.

Specifically, the element force is given as .
=k’ (10

From element force, the stress results and their

corresponding constraints can be determined. Dis-
placement constraints can be evaluated directly
from the displacement results.

III. Design Problem Description

The bridge to be designed is modeled with 494
quadrilateral elements representing the concrete
slab, and 130 beam elements representing the si-
mple steel plate girders(Fig. 1). Each beam ele-
ment is given an “I” section which is defined with
six degree of freedom. The model is totally fixed
at both ends. According to the Korea Standard
Code of Road Bridge, two types of loads, namely
the dead load and the live load, are involved in
the design of road bridge. Structural weights of
the concrete slab, balustrade and girders are con-
sidered as the dead load, while uniform loads exe-
rted by people walking on two sides of the bridge,
along with the standard truck load are the live
load. The standard truck load involves two loading

conditions, as shown in Fig. 1(a) and (b) respecti-

Uniform load 0.04kg/em?
(a) Load case B

Fig. 1. Finite element model of bridge
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Fig. 2. The outline of cross section of bridge

vely. The total number of degree of freedom in
the analysis is 3810.

The cross section of the bridge to be designed
is shown in Fig. 2. The concrete slab and balust-
rade are supported by five simple steel plate gir-
ders. It is wished to minimize the girders’ weight
by changing their sectional dimensions, and at the
same time satisfy all the requirements specified
in the Korea Standard Code of Road Bridge.

1. Design Variables

As shown in Fig. 2, six design variables are
considered for the steel plate girder - widths of
upper and lower flanges(u;, b;), thicknesses of up-
per and lower flanges(f, t), height and thickness
of the vertical web(h;, w;). Due to symmetry of
the bridge, 18 design variables are employed. Si-
nce all girders should have the same height, 2
out of the 18 design variables are treated as depe-

ndent variables.
2. Design Objective

The objective function to be minimized is the
total weight of steel plate girders. It is given in
Eq.(1D).

5

F(X) = Z [2(b1t1+ uifi) +wi(fi+ h,+tl):| (11)

i=1

3. Design Constraints

The compressive and tensile stresses in the up-

per and lower flanges, the shear stress at the cen-
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ter of each girder’'s web, and the deflections of
the concrete slab are constrained according to the
Korea Standard Code of Road Bridge. The minimum
dimensions of flanges and webs allowed by the
Code are also specified as side constraints or syn-
thetic'® constraints accordingly. The tensile and

compressive stress constraint are given as '

L—— -
G,(X) =—°TTG|““— <0 (12)
[¢]
Go(X) =—G*|5—_|°— <0 (13)
[+ .

where i is the element number, j is the stress
component, k is the loading condition, and o and
o" are allowable compressive and tensile stresses
respectively. The shear stress constraint is .

T~
G3(X) :__lil—ul__ =0 (14)
T
where 1 is the element number, j is the loading
condition, and t" is the shear stress limit. The

displacement constraint is also imposed as fol-

lows :

u
G,(X) :__é?;TT__ <0 (15)
where i is the node number, j is the loading condi-
tion, and 8" is the allowable slab deflection.
These structural responses are calculated from
the finite element analysis. The constraints based
on the minimum dimensions of the girders given
in the Korea Standard Code of Road Bridge are '

Gy(X) =—t’\“—71t— <0 (16)
G(X) :—t%;‘l”'— <0 an



tmin—fi .
G(X)=—T"—"—<0 (8

' min'

u/16—f;
GX)=—""""1-<90
sX) lu/161 (9

by/16—t;

L <o (2D

G (X0 = iyt hypg Tty )+ G+ h+6) =0
(22)

where tg;, is the minimum thickness of the web
and flanges. In total, there are 3308 design const-
raints, The problem is solved with GENESIS prog-
ram on a SUN SPARC I workstation.

IV. Optimization Procedure

The optimization procedure using the proposed
approximation method, as shown in Fig. 3, is

to . 12,13)

1. Evaluate the initial design with a full finite

element analysis.

[ An%ysis _ ]
[ _Convergence | ——
i

Constraint ;l
deletion
{

Sensitivity
calculations
{
Approximate
problem

generation and
optimization

Fig. 3. Optimization procedure

2. Evaluate all constraint functions and rank
them according to their critical levels. Retain only
the critical and potentially critical constraints for
further consideration during this cycle.

3. Call the gradient evaluation routines(sensiti-
vity analysis) to calculate derivatives of the retai-
ned set of structural responses. They may be cal-
culated as gradients of intermediate responses in
terms of intermediate variables,

4. Using these gradients, construct an approxi-
mation problem which can be solved with a gene-
ral purpose optimization code. The GENESIS pro-
gram uses the DOT optimizer.” Note that the opti-
mization could be linear or nonlinear, and can
be modified in various ways as described in Refs.
7, 11~14. During this optimization process, move
limits are imposed on the design variablés to in-
sure the reliability of the approximation.

5. Update the analysis data and call the analysis
program to evaluate the quality ‘of the proposed
design. Terminate if the solution has' converged
to an acceptable optimum. Otherwise, repeat from
step 2.

The overall computation process consists of an
outer loop and an inner loop(Fig. 4). The outer
loop includes finite element analysis, constraint
deletions, gradient calculations, and- creating an
approximation problem. The inner loop includes
solving the approximate optimization problem, One
cycle of the outer loop is normally referred to
as one design cycle. On the other hand, many
iterations are needed in solving approximate opti-
mization problem in the inner loop. Typically, less
than ten design cycles are required, while 20 or
more iterations are required to solve each appro-
Ximate problem in the inner loop. For each design
cycle, it is required to conduct a full finite element
analysis and gradient calculations of the retained
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Fig. 4. Program organization

responses. The key therefore is to create a high
quality approximation which can be rapidly eva-
luated in the inner loop, and thus reduce the num-
ber of design cycles(full finite element analysis)
and the cost of computation.lz’ls) -
The constraint deletion, combined with the use
of intermediate variables and responses, can create
a high quality approximation with a reasonable
cost. An example of this implementation is in the
GENESIS program which has been developed
from the beginning to be an optimization oriented
program, rather than just adding optimization ca-
pability to the analysis module. This includes pro-
viding analytical gradient calculation in an efficient
manner, usage of basis vectors in shape optimiza-
tion, constraint deletions, synthetic functions'®
and formal abproximations in an organized fashion.
It is clear that finite element analysis combined
with an advanced optimization technique such as
approximation methods provides a powerful tool

in structural optimization.
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V. Results and Discussion

This design optimization problem was solved
with four different starting designs. From the re-
sults, three issues were investigated.

1. Global vs. Local Optimum

It is difficult to prove that the solution from struc-
tural optimization program is the global optimum
rather than a local optimum. This is due to the
fact that most structural optimization problems are
not convex problems in general. A common way
to overcome this difficulty is to solve the optimiza-
tion problem from different starting points, and
choose the best one from them. If most solutions
obtained from this apprdach converge to within a
close range, it is quite possible that a global optimum
is reached. Otherwise, the best solution can be used
to at least improve from the current design. Four
starting designs were used in this paper for this
purpose. The initial design variable values for these

cases are shown in Table 1.
2. Efficiency

The main reason to use approximation methods
is to increase the efficiency by reducing the num-
ber of detailed finite element analyses needed to
reach the optimum. This can be verified by looking
at the convergence histories provided by the four
cases of different starting designs(Fig. 5). It can

Table 1. Starting points

Initial value of design variables (cm)

Ca
5e8 b; 4 U f; hy Wi

—

A | 3400 | 200 | 2900 | 200 {16000 2.00
B |2765| 170 | 2415 | 170 |140.00| 170
C |2130]| 140 | 1930 | 140 [12000| 1.40
D |1995| 110 | 14451 1.10 |10000| 110




be seen that even though the starting points are
very different from each other, the objective func-
tion converges to within a close range. Table 2

. summarizes the value of design variables when

" Optimal bridge girder design
120000.

Girder weight(kg) .
z 8
2 E:

20000

0. ——————
0 2 46 8101214 1618 2022
Design cycle

Fig. 5. Design objective convergence history

the optimum is reached in those four cases, as
well as the maximum difference of the design va-
niables and their corresponding percentage varia-
tion compared to the minimum one in four cases.
Even though only 2.1% difference is found for -
the objective, 37.6% to 6.0% differences were ob-
served for the design variables in the four cases
of starting designs. '

3. Effectiveness

In addition to the efficiency, the effectiveness
of the approximation method was also studied.
In cases A and B, the girders’ weights were redu-
ced and converge to the optimum in 9 and 11
design cycles respectively. In cases C and D, on
the other hand, the constraint violations of 63%

Table 2. Efficiency and reliability of optimization procedure

Design Dimen. Opt. value of design variables (cm) Maximum Percent.
variables (cm) difference ] of max.
Case A Case B Case C Case D (cm) dlfference(%)
X1 by 10.030 10.030 12.867 13.521 3491 348
X(2) ty 0.800 0.800 0.807 0.848 0.048 6.0
X(3) W 10,000 10.000 12.829 13.480 3480 348
X{4) fy 6.008 6.709 4873 5.922 1.836 376
X6y h, 159.940 153.250 157.080 141.330 18.610 131
X(6) wi 1.055 1.011 1.036 0.932 0.123 131
XM b: . 10.030 10.032 12.003 11.596 1971 19.6
X(8) t 0.803 0.802 0.801 0.890 0.089 111
X(9) Uz 10.000 10.002 11.967 11.561 1.967 196
X(10) £ 5.067 5.773 4444 6.039 1.595 358
X1 hy 160.880 154.190 157.510 141.170 19.710 13.9
X(12) w2 1.061 1.017 1.039 0.932 0.129 13.8
X(13) bs 12.282 11.403 13.975 14.643 3.240 284
X(14) ts 0.802 0.802 0.876, 0.967 0.165 205
X(15) s 12.245 11.093 13.933 14.600 3.507 316
X(16) fy 4.072 5.066 3.797 4.719 1.296 334
Xan hy 161.870 154.890 158.090 142.410 19.46 136
X(18) w3 1.068 1.022 1.043 0.939 0.129 13.7
Obj. function (kg) 47439 47444 47684 48465 1026 21
No. of analysis 9 11 22 21
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Fig. 6, Maximum constraint violation history

and 173% respectively had to be overcome before
any improvement to be made(Fig. 6). From these
results, it can be seen that approximation method
is quite effective for the optimal design of this
type of structures. It can be expected that at least
some improvements can be made from the current
designs which are usually calculated by hand or
determined based on experience.

V1. Conclusions

Using bridge girder design as an example, the
approximation based optimization method, coupled
with the finite element analysis, was evaluated
in this paper. Compared to the simple coupling
of finite element analysis and optimization algori-
thms deveoped in 1960s, it was found that appro-
ximatioan based approach was efficient and relia-
ble, and proved to be practical. Until recently, ho-
wever, few real bridge structures has been desig-
ned using this technique. Therefore, it was inten-
ded in this paper to demonstrate that the approxi-
mation based optimization technique, combined
with finite element analysis, is a powerful tool,
Several integrated software—such as GENESIS
—have been developed based on this philosophy
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and have been éuccessfully used in real structural

designs.

The bridge girder weight minimization design
involves 18 design variables and 3308 design cons-
traints. The approximation method, constraint de-
letion and intermediate design variables and res-
ponses were used In the optimization process.
From the results it was shown that even though
starting points are very different, the object func-

tion converges to an almost identical value.
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