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Resumen

Este articulo presenta una aplicacién de Algoritmos Genéticos (GA) y Andli-
sis por Elementos Finitos (FEA) a la solucién de un problema de optimiza-
cién estructural en estructuras reticulares plasticas. Optimizacién estructural
es usada para modificar la forma original colocando refuerzos en posiciones
6ptimas. Como resultado se obtuvo una reduccién en el esfuerzo maximo de
14,70 % para una estructura cuyo volumen original aumento en 8,36 %. Este
procedimiento soluciona el problema de optimizacién estructural ajustando el
molde original y evitando la manufactura de un nuevo molde.

Palabras claves: optimizacién estructural, estructuras reticulares, estructu-
ras reforzadas, algoritmos genéticos.

Abstract

This article presents an application of Genetic Algorithms (GA) and Finite El-
ement Analysis (FEA) to solve a structural optimisation problem on reticular
plastic structures. Structural optimisation is used to modify the original shape
by placing reinforcements at optimum locations. As a result, a reduction in
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Optimal reinforcing of reticular structures

the maximum stress by 14,70% for a structure with a final volume increase of
8,36% was achieved. This procedure solves the structural optimisation prob-
lem by adjusting the original mold and thereby avoiding the re-construction
of a new one.

Key words: structural optimisation, reticular structures, reinforced struc-

tures, genetic algorithms.

1 Introduction

Structural optimisation is an expanding field for companies competing for
better products or improved ways to manufacture them. Among the design
problems, using reinforcement to repair structures is a solution used in prac-
tise in different fields such as Aeronautical Engineering [[l] and Civil Engineer-
ing [B]. The main problem is the location of and shape of the reinforcements.
Optimisation techniques has been applied to a number of these cases. In
Al a gradient base optimisation method is used to optimally locate metal-
lic welded reinforcements on flat plates. The method presented reduces the
stress concentrations on the plate allowing the plate thickness to be reduced
and resulting in considerable material savings. In [] a genetic algorithm is
used to solve a composite reinforcement problem on metallic plate. The re-
inforcement consist of a composite patch that is bonded to the plate. Their
optimisation variables are the shape of the patch and the ply orientations of
the composite.

K. Jarmai et al use different optimisation techniques like leap-frog, LFOPC,
Dynamic-Q, ETOPC, and particle swarm to improve the design of a cylindri-
cal orthogonally stiffened shell member of an offshore fixed platform truss [f].
The design variables considered in the optimisation are the shell thickness as
well as the dimensions of and numbers of stiffeners. Besides structural con-
straints the objective function also accounts for the manufacturing process.
This study shows that significant cost savings can be achieved by orthogonal
stiffening, since it allows for considerable reduction of the shell thickness.

In contrast to the cases described above, the present study is centred on
the modification of already constructed plastic molds in order to produced
reinforced plastic structures. This work applies to reticular structures and
uses Genetic Algorithms (GA) to search for the optimum layout.
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Genetic algorithms have become a popular computational methodology
to solve problems involving the search for an optimum value. Due to their
broad spectrum of application they are used in various science and engineering
fields. Instead of using traditional strategies like calculus-based methods or
enumerative methods, GA are stochastic search techniques based on the nat-
ural selection strategy where the fittest individuals survive over generations
[A]. While traditional strategies are not very robust for complex problems, GA
behave very well in this kind of situation [fj]. Genetic Algorithms start with
a population of random individuals, each one representing a possible solution
to the specific problem. Individuals are usually codified as bit-strings called
chromosomes. The fitness of the individual is a function of the chromosome
and represents the objective function of the optimisation problem [§. Every
new generation is obtained through the selection of the fittest individuals and
by applying crossover and mutation operators [f].

2 Description of the Problem

Reticular structures are presented in many plastic items, for example: milk
crates, plastic boxes, and several kinds of platforms, as shown in figure ([l]).

Figure 1: Reticular structure example
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Many of these structures can present structural failures due to several factors
including load conditions not considered during the design process. In order
to improve the performance of these structures, a reinforced version of the
original mold must be obtained. This re-manufacture of the original avoids
manufacturing a new mold. A reinforcement can be obtained by adding ma-
terial among the grids of the structure. This can be easily manufactured by
grooving material from the original mold. Figure (f) shows an example of a
reinforcement at one of the grid holes. The question that arises is: ;where
should be located the reinforcements in order to reduce at the maximum the

stress and add a minimum amount of material?

NN
= = =

Figure 2: Schematic representation of a reinforcement at one of the grid holes of
the reticular structure

3 Design Variables

As the geometry of the reticular structure can be simplified by a grid struc-
ture, each hole of the grid where a reinforcement can be placed is numbered
and represents a design variable. In this way, a chromosome representing a
reinforced structure is given by s = (xg,x1,...,2,) where x; can take values
of one or zero depending on the existence or not of a reinforcement at position
i of the grid.

The fitness or objective function is given by

fitness(s) = <(;(550))> +0 <“//((880))> ’

where o(sg) represents the maximum Von Mises stress of the original structure
and o(s) is the maximum stress of the reinforced s structure. In the same way
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V(sp) is the original volume and V' (s) the volume of the reinforced s structure.
The variables a and (3 are weighted factors that control the incidence of stress
and volume in the process.

4 Algorithm Structure

In order to evaluate the objective function, a computer program was writ-
ten. It consists of four main modules: The first computes the geometry and
boundary conditions of the structure given the bit-string s representing a re-
inforced structure. The output of this module is an FEA script. The second
module performes a finite element analysis to compute the maximum Von
Mises stress (beams elements) starting from a FEA script in BATCH mode.
The third module computes the volume of the structure. These modules are
then linked with a simple standard Genetic Algorithm code [ [[0] and the
fitness function to complete the whole program as shown in algorithm ([).

The conversion between a chromosome and a coherent geometric model
is accomplished, generating a matrix of points depending on the number of
rows, columns, original dimensions of the structure, and holes. Knowing the
relationships between the different generated points, the matrix is traversed
in directions x and y linking related points with segments, having as criteria
the index and neighbourhood positions of the generated points. The filling of
each generated cell k with a reinforcement depends on the bit string position
k in the chromosome. If a bit is equal to 1, a segment is generated between the
corresponding nodes of each cell. An example of this procedure can be seen
in figure (). Once the geometry is constructed, the constraints and loads are
applied to the model so the FEA script can be executed in order to obtain
results.

4.1 Input and Output Parameters

The whole algorithm works on the following input parameters: weighted fac-
tors « for stress and G for volume on the fitness function, population size
(number of individuals for each generation) n, number of generations N,
crossover factor ¢ and mutation factor m. These parameters determine the
way the algorithm evolves as the optimal solution of the problem.

Universidad EAFIT 33



Optimal reinforcing of reticular structures

Algorithm 1 Genetic Algorithm

Main algorithm

Read input parameters from file (o, 3, n, N, m, c¢)
Evaluate o(so) and V(sp)

Initialise type chromosome (Length, Objective Function)
Initialise simple GA (chromosome)

Initialise simple GA parameters (n, N, m, c)
Evolve_simple GA

Flush Result ()

End Main

Evolve_simple_GA

g0

Population P(g)

Evaluate_Fitness P(g)

while (9 <= final N) do
Recombine P(g) to yield Population F'(g)
Evaluate_Fitness F'(g)
Select Population P(g + 1) from P(g) and F(g)
g—g+1

end while

End

Evaluate_Fitness_Function

Generate geometry and FEA script for Individual s
Eval o(s)
Eval individual V (s)

E:;l fitness(s) = a <(;(580))> + <‘Y//(iso))>
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Figure 3: Reinforcement example from chromosome

Most of those parameters are selected by intuition and there is no strong
supporting theory except for the selection of the population size. An estimate
for the population size on GA requires the existence of a good amount of raw
building blocks [d]. The building block hypothesis is based on the existence
of schemata, a concept developed by Goldberg [f. The difficulty of applying
this theory to the present situation is due to the impossibility of selecting
a matching schema that is desirable as a trait in individuals of the initial
population. The final criteria for choosing the population size was based on
several trials.

Once the algorithms reaches the ending criteria (number of generations
N), it will flush the best individual for the given parameters, determining
the reduced stress percentage o,, the increased volume percentage V;, and
the total number of reinforcement beams b. An example of the FEA result is
shown in figure (H)

4.2 Finite Element Selection

The three—dimensional structure was simplified with beam elements. The
finite element type for the FEA analysis is a 3-D beam uniaxial element
with tension, compression, torsion, and bending capabilities. The element
has six degrees of freedom at each node: translations in the nodal x, y, and
z directions and rotations about the nodal x, y, and z axes. Stress stiffening
and large deflection capabilities are included.
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Figure 4: Von Mises stress of a reinforced structure

The reasons for choosing this type of beam element are its capabilities for
supporting pressures on specific faces of the beam, the speed of analysis, and
the accuracy of results for the problem that is being handled. Due to better
time performance, beam elements where preferred over shell or brick elements.
The FEA package for the analysis is a common commercial software with the
capacity of running in batch mode without graphic user interface (GUI).

5 Results

The structure was supported from its four corners. In order to simulate a
vertical load, equivalent to the weight of an object, a pressure was applied to
the center of the structure as is shown in figure (f). The structure was made
of injected polypropylene. The three-dimensional structure was simplified
with beam elements as mentioned before. Due to a better time performance,
beam elements where preferred over shell or brick elements.

Many different evolutionary parameters were used to test the program
and the results for some of the best individuals can be seen in table (f[). For
the best individuals, weighed factors « of 0,6; 0,7 and 0,9; and 3 factors of
0,4; 0,3 and 0,1 were combined in different cases with populations of 12, 30
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Figure 5: Boundary conditions of a reticular structure used in the analysis

and 40. The number of generations was mantained constant at 100. Evolu-
tionary operators of mutation m were considered in the range from 0,01 to
0,05 and crossover operator ¢ in the range from 0,4 to 0,6.

Table 1: Results
la B [n[N][m][c] oo [ Vi][D]
0,703 12| 100 | 0,01 | 0,5 | 13,88 | 7,98 | 77
0,703 ] 12| 100 | 0,01 | 0,4 | 10,48 | 8,17 | 79
0,8 10,2]40 | 100 | 0,01 | 0,5 | 13,97 | 7,79 | 75
0,910,130 | 100 | 0,056 | 0,6 | 13,42 | 8,55 | 83
091(0,1]30| 100 |0,03]|0,6 | 1259 ]| 7,79 | 75
0,7(0,31| 30| 100 | 0,04 | 0,5 | 11,30 | 7,31 | 70
0,910,130 100 | 0,04 | 0,6 | 14,33 | 8,55 | 83
0,6 | 0,4 | 40 | 100 | 0,03 | 0,5 | 14,70 | 8,36 | 81

From the input configurations and the output results, it can be concluded
that small populations as well as larger ones can converge to a good solution.
However, it was observed that populations converge faster to the solution
when a large sample (large population) is used. Therefore, genetic operations
will play an important but secondary role in the convergence of the problem
because their performance is strongly affected by the initial random sample
space. Large populations, even with the noise from the genetic operators,
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will have a higher chance to allocate better individuals. The best individual
was obtained from a population size of 40 individuals, the highest population
from all tested configurations. Greater population size could be tested, but
computational resources were needed but not available.

From the results, three individuals shown in figures [B(a}, and p(c),
arise as the best results between all the different tried configurations of the
parameters. It can be seen in these figures that the center zone of the struc-
tures where the load is present, does not allow reinforcement. Therefore the
candidate space for beam reinforcement is outside the centre where the load
is applied.

I I I I

(a) a 0,8; 8 0,2; n 40; N 100; m (b) @ 0,9; 8 0,1; n 30; N 100; m
0,01; ¢ 0,5 and output results o, 0,04; ¢ 0,6; and output results o,
13,97; V; 7,79; b 75 14,33; V; 8,55; b 83

1€ I I

(¢) a 0,6; B 0,4; n 40; N 100; m
0,03; ¢ 0,5 and output results o,
14,70; V; 8,36; b 81

Figure 6: Different result obtained with different initial parameters
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Some intuitive solutions were proposed and compared with the optimal
solutions from the GA. The intuitive solution proposed to reinforce the struc-
ture by adding beams in the 4 center columns of holes as shown in figure [q.
The comparison between solutions shows that the intuitive solution did not
reduce the stress. Even worse, it increased the maximum stress in the order
of 30%, and increasing the volume in the order of 8%. The intuitive solution
is not always near the optimal solution.

Figure 7: Intuitive solution with reinforcement in the four center columns of holes

Results produced an acceptable configuration of a reinforced structure
consisting of 81 reinforcements located as shown in figure (6(a)). It reduced
the initial maximum stress by 14,70% at a cost of increasing the volume by
8,36%.

6 Symmetry

The structure obtained by this method is not symmetric, thus reflecting the
nature of the search algorithm. Given that the structure and loads are sym-
metric, it is possible that the solution found is near optimum. This problem
can be handled by reducing the structural problem to a cuarter of its domain
and apply simmetry boundary condition, see figure (§). Symmetry boundary
condition is equivalent to restrict the movement in x and y directions for this
case.
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Figure 8: Symmetry boundary condition for the plate and its solution

7 Conclusions

The combination of GA and FEA represents a powerful combination to solve
engineering problems of complex systems. It was successfully applied to ob-
tain the optimum reinforcements configuration of a plastic structure reducing
the maximum stress of the original structure by 14,70% of its initial value
and an increase of volume by 8,36%.

The GA does not allow beam reinforcement in the loaded zone of the
structure, leaving the not loaded area for this purpose. Knowing about this
can be useful to predict the performance of the algorithm and anticipate final
solution.

In spite of the symmetry of the problem the Genetic Algorithm produces
non symmetric solutions. However a way to enforce symmetry in the solutions
is by reducing the structural problem to its minimum repetitive unit, in this
case a quarter of structure, and apply the optimisation method. As a result
faster and symmetric solutions can be obtained.

The right combination of initial genetic and evolution operators values
can increase the result of the genetic search in a very significant way and
therefore, further investigation should be undertaken. Also, because only
single load conditions were used in this study, a multiple load condition could
lead to a different configuration of the structure.
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This is an excellent example of what kind of problems can be solved by

GA. The solution can be easily codified and handled with GA characteristics
and operators. As well, GA performs well on complex problems such as this,
where other classic methods like calculus based and exhaustive methods may
have difficulty due to the robustness of the problem.
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