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ABSTRACT: In steel structures, steel bracing is often used to resist the seismic or wind-induced lateral forces. The
optimum positions of the braces are generally determined by trial and error or through previous experiences, usually
with the objective that the distance between floor centres of mass and stiffness are reduced to a minimum and that a
viable load path is provided throughout the lateral resisting system. This process is cumbersome and the trial and
error optimization is usually incomplete. In this paper, topology optimization of steel braces in 2D steel frames is
carried out using a simple Genetic Algorithm. To improve the GA optimization of the brace-frame system, theory of
graphs is also utilized as a heuristic operator. The objective is minimization of the weight of the steel frame subject
to strength and drift constraints. Other independent constraints adopted include; architectural constraints and the
number of braced panels. It is shown that the GA can be used effectively to optimize the topology of bracings in
steel structures. Also, it is shown that utilizing the graph theory as a heuristic operator, greatly improves the
convergence rate of the optimization.
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1. INTRODUCTION

In design of steel structures for lateral loading, steel braces are considered more suitable than other
lateral load resisting elements including the concrete shear walls. The relative low cost and weight
of the resisting system together with the speed and ease of construction, make steel bracing
attractive not only in steel structures but also in concrete structures (Maheri et al. [1]). Some of
the main tasks facing a designer when using steel bracing include; selecting the number of braced
panels in a frame, the cross-sectional size of the braces and particularly the positions of the panels
to be braced. The number and size of the braces are generally functions of the applied loading
and/or the lateral drift limitations imposed by codes of practice, whereas, the optimum positions of
the braced panels in the frame are dictated not only by the strength and serviceability requirements,
but also by the architectural layout of the building. Architectural limitations are generally outlined
by the architect prior to the engineering design. The designer should take these limitations into
consideration.

Structural optimization may be divided into four main categories. These include; size optimization,
shape optimization, material optimization and topology optimization. In size optimization, the size
of the structural members is the main problem variable. In shape optimization, the nodal
coordinates are the variables which may include changes in the size of the structural elements,
whereas in topology optimization, the position of structural elements may also vary. A review of the
earlier classical optimization solutions carried out on these types of problems was given by Topping
[2] and later by Suzuki and Kikuchi [3].

The earlier works conducted on structural optimization using a genetic algorithm (GA)
concentrated on truss structures. Rajeev and Krishnamoorthy [4] used a simple GA to optimize the
size of a space truss. They however did not use a mutation operator and found the solution to be
very slow. Adeli and Cheng [5] used concurrent genetic algorithms to improve the optimization
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process of large structures. They also investigated the effects of the GA population size on the
convergence rate of optimization. Later, Adeli and Kumar [6] adopted a distributed genetic
algorithm for optimization of large space structures on a cluster of workstations connected via a
local area network.

The first application of GA to size optimization of frame structures is attributed to Camp et al. [7].
They investigated the effects of different penalty functions as well as the GA operators including
selection, crossover and mutation on the accuracy and rate of convergence of the optimization
process. They also compared the results of GA optimization of frames and trusses with those of an
optimality criteria optimization method and concluded favourable results. Mahfouz et al. [8] and
Torpov et al. [9] also studied the influence of different GA parameters on the solution performance.
They adopted a modified GA to treat optimization of 2D and 3D steel framed structures. In their
modified GA, an intelligent initialization procedure was used to increase the rate of solution
convergence. In another study, Erbature et al. [10] introduced a multi level optimization to reduce
the solution time. In this method, after the first global design process, the frame is divided into a
number of sub-structures so that the optimal search could be carried out in smaller search spaces.
The only GA optimization of bracing design reported in the literature was carried out by Kameshki
and Saka [11]. They searched for the optimal type of bracing from amongst the common types to
account for both the serviceability and strength constraints in tall 2D frames. They found the
X-bracing to be more suitable than some other types of bracing.

Topology optimization of framed structures has also attracted some attention in recent years. Mijar
et al [12] carried out a continuum topology optimization for 2D braced frames. They modelled the
spaces between the discrete frame members as variable continuums with fixed thickness, shape of
which could change for an optimized solution of the frame. They found that the optimal shape of
these continuums represented partial or global bracing of the frame by X-bracing. Fernandes et al.
[13] also presented a computational model for the continuum topology optimization of a 3D linear
elastic structure. In another study, Ellis et al. [14] searched for optimal brace types and positions in
latticed structures. The objective functions in the study were minimization of structural weight and
maximization of energy absorption. They found that a diamond type bracing configuration
produced the most favourable result for the type of structures under consideration.

All the above studies on topology optimization had followed formal mathematical programming
techniques. Steven et al. [15], on the other hand, used a heuristic, evolutionary algorithm for the
size and topology optimization of discrete structures. They, however, did not directly address the
topology of braces in the frames. They concluded that their evolutionary structural optimization
could be suitable for a full range of structural situations. In the present paper, a different heuristic
approach, in the form of a simple genetic algorithm, is used to directly explore the optimal
positions of X-braces in 2D steel frames. The GA optimization process is helped by the added
heuristic operator of graph connectivity.

2. OPTIMIZATION PROCEDURE

The main procedure adopted for GA topology optimization of braces in steel frames, follows the
simple genetic algorithm. The choices for necessary functions and operators are however different
for the problem at hand. These are discussed below.

2.1 Objective Function, Constraints and Penalty Function

In topology optimization of bracing in steel frames, the objective function may be considered as the
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minimization of the weight, W, of the frame-brace system, subject to problem constraints.
Minimize : W= f{x) ()

The dependent problem constraints for this class of problems may include; the total drift of the
frame (J), column uplift force (7), the number of braced panels (V) and the architectural limitations.
ie.
5()(3) < Sallow
T(x) < Tatiow 2
N <N<Ny

In Eqn. 2, dup0w  and T,y are the allowable drift and uplift, respectively and N, and N are the
lower and upper limits of the number of braced panels.

Since most optimization methods, including the GA optimization, are only capable of solving
unconstrained problems, the problem should first be unconstrained. An external penalty function
method is here used to un-constrain the problem. In this method, an appropriate penalty,
proportional to the violation of each constraint, is added to the objective function. The
unconstrained objective function () considered for this study, is therefore of the following form;

0= W+rpz":(max{o,(i—1)})2 3)

I allow

in which, g; are the constrained problem variables, g,  are the allowable limits of the constraints

and r,is the penalty coefficient. A value of 0.1 is assigned for the penalty coefficient throughout
this study. The number of braced panels, as an independent constraint, is imposed separately on the
problem. In this study, it is assumed that at least one panel in each storey of the frame will be
braced. No upper limits are however imposed on the number of braced panels. Also, an
architectural constraint is imposed on the problem. The architectural constraint simply allows the
user to specify the panels that, for architectural reasons, can not be braced.

2.2 Initialisation and Coding

To initiate the optimization procedure, an initial population is selected. The population can be
selected randomly. Alternatively, a more intelligent selection can be carried out. In this study, the
initial population consists of frames that in each storey one, randomly selected panel is braced. The
problem variables are stored in binary format in a GA string. Identical number of bits is used to
represent each variable. Each bit represents one panel of the frame; therefore, the length of the GA
string equals the number of panels in the frame.

2.3 Analysis and Design

After generating the members of the initial population, each member is decoded and the
corresponding braced frame recreated. Initial member sections are then assigned to the decoded
frame and analyzed. The frame is then designed for the specified applied loads according to a specific
code of practice and the new sections are used for the re-analysis of the frame. Considering that in
this study the object is the topology optimization of the braces and not the section size optimization,
three iterations are assumed to be sufficient for the required convergence. Also, the SAP-90
general-purpose structural analysis program was used for linear analysis of the frames and the
AISC-ASDB89 code of practice [16] was utilized for design of the frames.
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2.4 Fitness, Selection, Crossover and Mutation

Using the results from the analysis of the final designed sections for each population member, the
weight (W) and the dependent problem constraints (6 and 7) are calculated and the fitness value of
the member is determined. After evaluating the fitness values for all the members, selection of the
parents for creating the next generation is carried out using the tournament selection procedure. The
selected parents are then placed in the mating pool and the GA operators such as crossover and
mutation are applied to the population of the pool. The first of these operators is the crossover
which in turn works on two randomly selected members of the pool. In this work, 1 to 5 points
crossover operators are used. After the creation of two new members from the selected parents,
mutation is applied to a selected small fraction of the new members.

2.5 Heuristic Graph Operator

To increase the convergence rate of the GA optimization, in this study a heuristic operator is
applied using the ‘Graph Theory’. Graph theory is a branch of applied mathematics with
applications in optimization problems (Kaveh [17]). According to the connectivity theorem in
graphs, a grid consisting of linear members joined at pin nodes in rectangular forms can only be
rigid if its corresponding graph is connected. Previous works on 2D braced frames have shown that
if the bracing pattern in the frame follows the corresponding connected graph for that frame, that
frame-brace system will be stiffer than most frames having other bracing patterns (Kaveh [18],
Narsingh [19]). In this study, the graph theory is used as a heuristic operator with a small
probability of 1% to 10%. This operator controls the corresponding graph for the given frame-brace
system and if the graph is not connected carries out minimal necessary changes to make the graph
connected. This operator, in effect, works as an ‘intelligent’ mutation operator.

The above process is repeated on the new generation and the generations after that until the algorithm
converges to an optimum solution. The convergence criterion adopted for this study is the
satisfaction of one of the following three conditions; (i) the number of generations reaches a user
specified value, (i) the best member of the population remain unchanged in a user specified number
of generations and (iii) the fitness value of the best member of the population has a small, specified
variation compared to the average fitness values of the members of that population.

3. OPTIMIZATION EXAMPLES

To verify the ability of the GA optimization procedure outlined above to optimize the brace
topology in frames a total of six, 2D frames of different heights and widths were selected. The
frames, which fall in the category of short to medium height, include; 4-storey, 8-storey and
12-storey frames having 3 bays and 6 bays. All the six frames have identical frame panel
dimensions of 3m x 4m. The brace topologies of the frames were first optimised without imposing
any architectural limitations on the frames. Two, 4-storey, 3-bay and 4-storey, 8-bay frames were
then optimised considering certain architectural limitations. A discussion on the results of these
optimization examples follows.

3.1 Optimization Without Architectural Limitations

The history of GA optimization for the 4-storey, 3-bay frame during 18 generations is shown, along
with the optimal brace topology, in Figure 1. The figure indicates the convergence of the
optimization solution after 16 generations. This convergence corresponds to a heuristic graph
operator of 8%. In order that the effect of the graph theory as a heuristic operator on the rate of
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convergence of the optimization could be studied, this frame was also optimized with the heuristic
operator assuming values of 0% (without the operator), 3% and 5%. The solution converged after
31 generations, 24 generations and 16 generations, respectively. These results indicate the
efficiency of the operator in increasing the convergence rate of optimization. The optimal weight of
the frame after 18 generations and the corresponding total drift for the optimum brace topology are
given in Figure 2. Also shown in this figure for comparison are the weight and total drift calculated
for two conventional bracing patterns. This figure indicates that over 5% reduction in weight and
8% reduction in drift are achieved by GA topology optimization when compared with the best
conventional brace topology.
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Figure 1. GA Optimization Trend and the Optimal Brace Topology for the 4-storey, 3-bay Frame
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Figure 2. Comparison between Results of GA Optimization for
the 4-storey, 3-bay Frame and Two Conventional Brace Topologies

In Figure 3, the history of optimization for the 4-storey, 6-bay frame through 30 generations is
presented. A good rate of convergence may be noted for this example. When considering the results
of GA optimization for this frame, it is noted that only 4 braced panels produce a frame with 10%
less weight compared with a typical conventional brace topology, having 8 panels braced.
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Figure 3. GA Optimization History and the Optimal Brace Topology for the 4-storey, 6-bay Frame

The optimization trend for the 8-storey, 3-bay frame was also evaluated and is presented in Figure 4.
A fast rate of convergence is also achieved for this frame. Comparing the results of the GA optimal
brace topology with those of a typical conventional topology for this frame having the same
number of braced panels, show a 16.5% reduction in weight and 54% reduction in the total drift of
the frame. A fast rate of optimization convergence was also noted for the §-storey, 6-bay frame. In
Figure 5, the results of GA brace topology optimization for this frame are compared with the results
obtained from two conventional brace topologies for the same frame. The ability of the GA to reach
for optimal brace topology is evident in this comparison. By using only half the number of braced
panels in a GA optimization solution, 17% reduction in weight of the frame and 87% reduction in
drift are achieved.
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Figure 4. GA Optimization Trend and the Optimal Brace Topology for the 8-storey, 3-bay Frame
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Figure 5. Comparison between Results of GA Optimization for
the 8-storey, 6-bay Frame and Two Conventional Brace Topologies

For the 12-storey, 3-bay frame, the optimal brace topology is obtained after 25 generations. The
optimised topology and the history of optimization through 40 generations are shown in Figure 6.
The weight and the total drift of the GA optimised frame show, respectively, over 20% and about
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60% reductions when compared with a conventional brace topology, having the same number of
braced panels, located in a central bay.
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Figure 6. The GA Optimised Topology and the Optimization Trend for the 12-storey, 3-bay Frame

Finally, the brace topology in the 12-storey, 6-bay frame was optimised without considering any
architectural limitations. Figure 7 shows the optimised topology together with the weight and
maximum drift of the frame, compared with three conventional brace topologies for this frame. The
GA optimised topology resulted in a lighter and stiffer frame with a smaller number of braced
panels than all the conventional topologies considered. A notable reduction of 18.3% in weight and
a larger reduction of 50% in drift are obtained when comparing the GA topology with the best
conventional topology. It would be interesting to note that these reductions are achieved using only
18 braced panels in the GA topology as compared to 48 braced panels in the conventional topology.
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The results of the above six examples of GA brace topology optimization, without architectural
limitations are summarised in Table 1. The results clearly show the ability of the algorithm to
produce optimal solutions with limited computational effort. In this respect, the use of graph theory
as a heuristic operator has greatly enhanced the rate of solution convergence. It is also worth noting
that the optimal GA solutions tend to favour continuous, diagonal, patterns of bracing as opposed to
the accepted norms of column or capped-column patterns.

Table 1. Comparison between Results of GA Optimization and the Conventional Bracing Topology
for Frames without Architectural Limitations.

Frame 1 Frame 2 Frame 3 Frame 4 Frame 5 Frame 6
Parameter Method (4 storey | (8 storey | (12storey | (4 storey | (8 storey | (12 storey
3 bays) 3 bays) 3 bays) 6 bays) 6 bays) 6 bays)
Weight GA 42.0 121.6 217.6 80.6 183.7 399.3
(kN) Conventional 44.2 145.6 273.6 89.4 221.5 540.0
Drift GA 13.1 44.8 85.0 15.6 36.8 58.0
(mm) Conventional 14.2 97.4 210 25.0 355 229

3.2 Optimization with Architectural Limitations

One of the independent problem constraints considered for the GA brace topology optimization is
the architectural limitation. The architectural constraint, specified as panels that for architectural
reasons can not be braced, are often encountered in design of framed structures. To verify the
ability of the GA optimization to accommodate this constraint, two frames, each assuming two
different forms of architectural constraints, were optimised. The frames included the 4-storey, 3-bay
frame of previous examples and a new 4-storey, 8-bay frame having similar frame panel
dimensions of 3m x 4m. For the 3-bay frame, the first type of architectural constraint consisted of
limiting the panels allowed to be braced to the two right hand bays. The GA optimization history
through 30 generations and the optimal brace topology are shown in Figure 8. As expected, the
solution convergence for this example appeared slower than for the same frame without the
architectural convergence. It however produced an optimum solution within the 30 generations.
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Figure 8. GA Optimization Trend and the Optimal Brace Topology for
the 4-storey, 3-bay Frame with Type 1 Architectural Limitation

In the second type of the architectural constraint, the panels in the outer bays were allowed to be
braced. Figure 9 shows that the optimal brace position for this example is reached after the 21°
generation. In Figure 10, the optimal results of the 4-storey, 3-bay frame with the two types of
architectural constraints outlined above are compared with the results of the GA optimised brace
topology and a conventional topology without architectural constraints. It can be seen in this figure
that even with the imposition of the architectural limitation, the genetic algorithm is capable of
producing brace topologies more favourable than the conventional brace topologies.

To verify further the ability of GA to produce optimal brace topologies for frames with architectural
limitations, a 4-storey, 8-bay frame was also investigated assuming two different types of
architectural constraints. The first type of constraint is shown in Figure 11 to be an outer bay. This
figure also shows the optimization trend through 50 generations for this example. The optimal
brace topology does not appear to be affected by this architectural limitation as it is similar to the
brace topology obtained for the frame without limitation. Figure 12, shows the optimization history
for the 4-storey, 8-bay frame having the second type of architectural constraint. As expected, the
imposition of the constraints in a central bay has produced a slightly heavier and more flexible
optimal solution compared with the first type of constraint. The results of the optimization of the
above four frames with architectural limitations are also presented in Table 2.
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Figure 9. The Optimal Brace Topology and the Optimization History for
the 4-storey, 3-bay Frame with Type 2 Architectural Limitation

Table 2. Results of the Optimised GA Brace Topology for Frames with Architectural Limitations

Frame Weight (kN) Drift (mm)
4-storey, 3-bay, (Arch. limit. type 1) 43.2 15.0
4-storey, 3-bay, (Arch. limit. type 2) 44.2 21.0
4-storey, 8-bay, (Arch. limit. type 1) 94.6 13.0
4-storey, 8-bay, (Arch. limit. type 2) 95.7 13.7
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Figure 11. GA Optimization History and the Optimal Brace Topology for
the 4-storey, 8-bay Frame with Type 1 Architectural Limitation
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CONCLU

SIONS

50

A genetic algorithm with the aid of graph theory was successfully applied to obtain optimum brace
topology for a number of 2D steel frames with and without architectural constraints. Conclusions
drawn from this study are summarized as follows;

L.

The use of graph theory as a heuristic operator greatly increases the rate of convergence of the

brace topology optimization.

Large reductions in weight of the frame and its maximum drift may be achieved by using brace
topologies produced by the GA optimization process presented in this paper. GA optimized
brace topologies with limited number of braced panels invariably produced frames having
considerably less weight and lateral drift compared to similar frames with conventional bracing
topologies and larger numbers of braced panels. This was noted to be also true when certain
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architectural limitations were imposed on the problem.

3. For all the frames analysed, a connected diagonal topology for the braces appears to be more
suitable than the conventional column or capped-column patterns..
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