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Abstract. In the present study, an efficient method for the optimum design of three-dimensional (3D) steel
framed structures is proposed. In this method, in addition to choosing the best position of columns based on
architectural requirements, the optimum cross-sectional dimensions of elements are determined. The preliminary
design variables are considered as the number of columns in structural plan, which are determined by a direct
optimization method suitable for discrete variables, without requiring the evaluation of derivatives. After
forming the geometry of structure, the main variables of the cross-sectional dimensions are evaluated, which
satisfy the design constraints and also achieve the least-weight of the structure. To reduce the number of finite
element analyses and the overall computational time, a new third order approximate function is introduced
which employs only the diagonal elements of the higher order derivatives matrices. This function produces a
high quality approximation and also, a robust optimization process. The main feature of the proposed technique
is that the higher order derivatives are established by the first order exact derivatives. Several examples are
solved and efficiency of the new approximation method and also, the proposed method for the best
position of columns in 3D steel framed structures is discussed.
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1. Introduction

Three-dimensional steel framed structures are one of the most common types of structures. In such
structures, choosing the position of columns is the first stage of structural design. This can affect the
overall weight or cost, but because of need for many numbers of trial and error, no engineers pay particular
attention to such choice. In fact, the position of columns in structural plan is the primary design consideration,
before starting the analysis and structural design. If we use a modular system with equal distances between
columns, the number of columns in x- and y-directions of structural plan (N, N,) is considered as the
preliminary design variables. Therefore, determination of the best position of columns is an exercise in
optimum geometry of the structure. These preliminary variables are discrete and then, optimization methods
with discrete variables should be employed.

There are several methods for the optimum design of structures with discrete variables such as the
duality method, penalty functions, branch and bound method, simulated annealing, genetic algorithms,
and so on. Each of the methods has some limitations and difficulties (Arora et al. 1994). In the first
three methods, first the continuous solution should be obtained and then the discrete solution is achieved.
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Also, the derivatives of functions under considerations with respect to the design variables are necessary.
From the above methods, the simulated annealing and genetic algorithms can be used for the optimum
shape design of structures. Another method which may also be used for both continuous and discrete
optimization is the Fibonacci method (Edwin and Stanislaw 2001). This is a direct search method without
requiring the evaluation of derivatives.

On the other hand, after choosing the number of columns, the structural geometry is formed and the
optimum cross-sectional dimensions of the elements are obtained. In addition to satisfying the design
constraints, such as side constraints, stresses and displacements, slenderness and buckling constraints,
achieving the least-weight of structure is also an objective which can be mathematically expressed as

Minimize W(X)

Subject to: g (X)<0  j=12,.,m
x<x; < xt j=12,...,n (1)

where W is weight of the structure and X represents the design variables vector. The notation m is the
number of constraints g; (X). Also, n defines the number of design variables and x;, x}, x; are the
variables and their lower and upper bounds, respectively.

The constraints are, in general, implicit forms of the design variables and cannot be expressed directly
in terms of the design variables. Thus, a numerical optimization technique should be employed to solve
this optimization problem. On the other hand, objective functions, constraints and their derivatives should
be evaluated by numerical methods for achieving the optimum solution. These functions should be
evaluated many times and each evaluation needs a structural analysis. Therefore, hundreds of structural
analyses are required, thereby making the process very inefficient and lengthy. In order to solve this
problem, approximation methods need to be used for the structural analysis with only a few finite element
(FE) analyses. In fact, the key for increasing the process efficiency is introducing a high quality
approximation. A great number of studies have been carried out to enhance the quality of approximations
and some of the higher order approximations are referred to in this study.

A two-point approximation method was employed by implementing three terms of Taylor series for
frequency constraints (Salajegheh 2000). The improved two-point approximation method was also
outlined for design optimization (Wang ef al. 1995). Later the convex approximation was proposed, in
which the order of approximation for each constraint was automatically adjusted (Chung and Chiou
2001). This method resulted in a better convergence of the optimization process. Also, several modifications
of the convex approximations were described and employed for the optimum design of composite
structures (Bruyneel and Fleury 2002). Another two-point approximation method was proposed using
linear and reciprocal variables and the first order derivatives (Xu ef al. 2000). A quadratic approximation
was outlined, which all the elements of Hessian matrix were estimated from the existing data (Salajegheh
and Rahmani 1998). In fact, an approximate Hessian matrix was established using the first order
available derivatives, which decreased the number of design iterations.

A three-point approximation was later introduced using the existing data of the three previous design
points (Salajegheh 1997, 2000). The second and third order approximation methods were proposed
with the diagonal elements of the Hessian and third order derivatives matrices, which increased the
quality of the approximation for trusses (E. Salajegheh and J. Salajegheh 2002).

A multi-point approximation method was proposed using the Hermite interpolation and was based on
the function and derivatives data obtained at the previous design points (Wang et al. 1996). Recently,
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the approximation concepts have also been used for dynamic loads (Salajegheh er al. 2005, and Salajegheh
and Heidari 2004, 2005-a, 2005-b, and Salajegheh et al. 2008).

In the present study, In order to increase the quality of approximate functions, a new third order
approximation (TA) method is proposed and its accuracy is compared with the quadratic approximation
(QA) method presented by E. Salajegheh and J. Salajegheh (2002) and the exact method (with no
approximation). As mentioned, in the exact method no approximation is employed and when we need
to analyze the structure during optimization, the finite element analysis is used. Also, in order to choose
the position of columns in structural plan, the one-dimensional Fibonacci method is extended and
employed for two discrete variables (N,, N,). In this method, the new approximate function is also employed
at various stages of the optimum design. Numerical results indicate that this is a quick and suitable method
for the above purpose.

2. One-dimensional direct search method

One of the quickest methods for one-dimensional unconstrained optimization (Eq. 2) is the direct
search method, without requiring the evaluation of derivatives which is named the Fibonacci method
(Edwin and Stanislaw 2001). This method can minimize the functions with continuous and discrete variables.

Minimize & (x)
Subjectto: a<x<b 2

where ¢ is the objective function and a, b are the lower and upper bounds for variable x, respectively.
The Fibonacci sequence is a numerical sequence and the terms of sequence are obtained from Eq. (3).

Fi= =B (B - =01, 3)
5x2

where / represents the number of iterations and F} is the terms of sequence.

The only requirement for the function to be minimized is that it should be a unimodal function (Fig. 1).
Two inner points in the interval [a,b] are obtained after conformity of a, b on terms of the Fibonacci
sequence. The objective function is evaluated in these points and then, the solutions are compared
together. Egs. (4) and (5) demonstrate the methodology for determining the inner points in the interval
[a, b] in each iteration.

A = ak+F1-k-l(bk—ak) k=1,2,..,0-1 4)
F/—k+l
Fl—k

e = o+ (be—ar) k=1,2,.,1-1 (5)
I—k+1

If ¢(A) < (), then gy 1 = a, and by | = g otherwise, a; . =4, and by .. | = b, in the next iteration and
this process is continued until achieving the optimum point x*.
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3. Extension of the direct search method for two-variable functions

In this study, the one-dimensional Fibonacci method is extended and is employed to minimize two-
variable functions. This method does not need the function derivatives to be determined and it can be
used when the design variables are discrete. Fig. 2 shows the plot of a two-variable convex function in
the design space. It can be stated as

Minimize @ (x1, x2)
Subject to:  a; <x; < by

a<x, < b2 (6)

where ¢ is the objective function and ay, by, a,, b, are the lower and upper bounds for variables x;, x»,
respectively.
Now, let @(x;) be defined in the following manner

@(x1) =Min ¢(xi, x,)
Subject to: a; <x; < by (7

(x )projected
\.’

Fig. 2 Plot of a two-variable function in the design space and reducing the interval of uncertainty
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When x; is kept at a fixed value, @(x;, x,) becomes a unimodal function in terms of x; and then, ¢(x;) is
the minimum of the unimodal function of x; for selected value of x,. This can be determined by the one-
dimensional search method which is described in Sec. 2. Thus, the overall process is as follows:

(a) By keeping x, at a fixed value, two inner points A; and g4 in the interval [a;, b;] are chosen
according to the one-dimensional search method of Sec. 2.

a S S <h (8)
(b) @(4) and @(1y) are evaluated and compared according to Sec. 2.
(c) The above procedure can be repeated for each new interval, until
Min ¢(x;) = Min ¢(x, x3) ©)]

is located.
(d) By keeping x; at a fixed value, the above three steps can be repeated for the variable x,.

(e) This procedure is repeated until conformity of variables in two consecutive stages.

The required solution of the problem is obtained as a result of a sequence of one-dimensional
searches. It is to be noted that, since the second variable is kept at a fixed value in the first one-dimensional
search, its lower bound can be selected and in subsequent searches, the optimum values of the variables
which are obtained from the previous searches are kept at a fixed value.

In the present study, ¢(x;, x,) is considered as the weight function of structure in terms of two discrete
variables N, N,. In fact, these preliminary design variables which indicate the geometry of structure are
chosen by the extended Fibonacci method. After determining them, the remainder of optimization process is
achieved until the optimum cross-sectional dimensions of elements are evaluated.

4. The new third order approximation method

Given a function F(X), the third order approximation (TA) is obtained by considering only the diagonal
elements of the higher order derivatives which is expressed as

FiX) = FO)+ $ P00 (=) + 3§ Fi@)r=x2+ 2erf wmn? (10

where 7 is the number of variables and X represents variables vector. X' is variables vector at the
present design point and x; and x,; are the components of X and X', respectively. The notation F; (X)
and F ; (X') represent the first and second order derivatives at the present design point, respectively.
The notation &7 represents the diagonal elements of the third order derivatives matrix which are
considered equal. The subscript 7 denotes the third order approximation.

Since the computational cost for evaluating the exact derivatives is increased with increasing the
degrees of freedom, the second order approximate derivatives at the present design point F;(X") are
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estimated using the first order derivatives. To determine F;(X'), the first order exact and approximate
derivatives at the previous design point X° are matched, then we have

F ) =F (X)) =381 (xo =)
F,ii(X]) = (1D)

Xoi —X1i

By matching the exact and approximate values of the function at the previous design point and
employing Eq. (12), & is obtained in terms of the first order derivatives:

F(X") - F(X)——z(F (XY +F (X)) (x,—x1)

Er =

(12)

N|““

n
Z xll

It is recognized that for some functions such as nodal displacements, using the reciprocal approximation
would result in a more accurate estimation of the function. Thus, the third order approximation with the
use of reciprocal variables

1
1 1
Vi X (13)

is arranged as follows by substituting into Eq. (10):

P = PO+ 3 P00 =) () (-2 1 P00 (2 LS (1)
(14)

where subscript 7R denotes the third order approximation with the reciprocal variables. By matching
the first order exact and approximate derivatives and also the exact and approximate values of function
at the previous design point, F;(X') and & are obtained in terms of the first order derivatives:

P e |2 2 Ly (L LY (D

X -
oi oi ot

3
X1
(x()i _xli)(i)
X,

ol

F(X) = (15)

F(XO) F(X )_ ZF (XO)(x —Xy; (i—ll)—i le (X )(x,,— xll)(x:

Erp = 16
- EPTa (16)
12,‘;1 Xoi xli

ol

~'\_/
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Therefore, in the new approximation method, firstly &7, &7 are obtained from Egs. (12), (16) and then,
the second order derivatives are estimated from Egs. (11), (15). The value of function at the present
design point is determined by substituting these derivatives into Egs. (10), (14). It is to be noted that for
estimating the higher order derivatives, it is only necessary to obtain the first order derivatives at the
two previous design points (two-point approximation).

In this study, intermediate variables are used to obtain an approximate function. Intermediate
variables for these structures are taken as cross-sectional areas and moments of inertia which are
determined from the cross-sectional dimensions. To determine the approximate forces of the elements,
a linear approximation method is used in the first iteration and Egs. (10) to (12) for the others. Also, to
determine approximate displacements, a reciprocal linear approximation method is used in the first
iteration and Egs. (14) to (16) for the others.

5. Numerical results

Computer programs have been developed based on the preceding discussion and theories.

Firstly in order to study the accuracy and quality of the new TA approximation method, two steel
framed structures are solved and their results are compared with the QA method proposed by E.
Salajegheh and J. Salajegheh (2002) and also the exact method (with no approximation). In optimization
process, the DOT (Design Optimization Tool) optimizer presented by Vanderplaats et al. (1991) with
the modified feasible direction algorithm and the intermediate variables are used.

Secondly two examples are presented for the optimum design of 3D steel framed structures including
determination of the best position of columns and hence efficiency of the proposed method is also
studied. In this case, in addition to determining the number of columns in two directions, the optimum
cross-sectional dimensions of elements are obtained using the TA approximation method. For this
purpose, the following stages are performed:

(a) The number of columns in two directions of structural plan (preliminary variables) are chosen
based on the extended direct search method.

(b) After determining the position of columns and forming the geometry of structure, the optimum
cross-sectional dimensions of elements (main variables) are obtained using only a few FE analyses and
the new TA approximation method.

(c) By choosing the new number of columns in two directions, the stages (a) and (b) are repeated until
conformity of N,, N, in two consecutive stages.

The design constraints are considered as the side constraints, the minimum and maximum cross-
sectional dimensions for performance considerations, the drift requirements which are controlled by a
quotient of the storey height (generally, h/200 to h/400) and the AISC requirements (2002) for stresses
in elements such as tension, compression, bending, shearing, torsion stresses and their combination.
Also, the AISC limitations for slenderness and prevention of local buckling of flange and web in box
and I-sections (Fig. 3) are accounted for.

It should be noted that in the examples presented, the computational time is CPU time using a
Pentium IV 1.80 GHz.

5.1. Example 1. Optimum design of a one-storey structure with a specified geometry

A steel framed structure is shown in Fig. 4. All beams and columns are rigidly connected and this
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Fig. 4 One-storey framed structure

structure is subjected to the lateral concentrated loads Ps, = P;, = 6,000 kgf on joints 5 and 7 and the
gravity concentrated loads Ps, = Pg, = P7, = Pg, =—30,000 kgf on joints 5 to 8. Moreover, it assumed
that a uniformly distributed load 2,000 kgf/ m is imposed in negative z-direction on the linking members
5-6 and 7-8. For this structure, one type of box-shaped column and two types of I-section beams (one in
x-direction and one in y-direction) are used. The material properties are given as weight density
p=1,850kgf/m’, yield stress f, = 2,400 kgf/cm’, Young’s modulus £ =2 x 10° kgf/cm®. The initial
cross-sectional dimensions are shown in Table 1.

In addition to the mentioned constraints, the minimum size of cross-sectional dimensions and lateral
drift limitations are assumed to be 5 mm and h/400, respectively. However, a total of 58 constraints are
considered in this example.

Comparison of the results in terms of the number of FE analyses, optimum weight, computational
time, maximum constraints and the number of active constraints at the last iteration of optimization
using the different methods are presented in Table 2. Since the numerical optimization technique is
used, it is considered a tolerance (—0.05 < g; X < 0.03) for active constraints. It can be seen from Table 2
that although the quality of the results obtained by the QA and the TA methods is high, the accuracy of
the TA method is higher. Since the maximum constraints approach 0.03, it also indicates that the quality
of the TA method is higher than the QA method. In this example, the computational time for the QA
method is slightly less comparing with the TA method. This means that because this is a small structure,
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Table 1 Initial cross-sectional dimensions for one-storey structure (cm)

Type Section d,, t, by Iy
1 Box 40 1 40 1
2,3 1 40 1 30 1

Table 2 Comparison of the results for one-storey structure

Method Number Optimum weight Time (s) Maxim}lm Number of active
of analyses (kgf) constraint constraints
Exact 312 1576.2 18.43 0.029945 32
QA 6 1668.7 4.57 0.028899 23
TA 5 1628.0 4.83 0.029929 27

the time required for the analysis is not significant and cannot be considered as a major factor.

The weight histories of the structure at various iterations of the optimum design are presented in
Table 3. Iteration number 0 indicates the initial design point. This table demonstrates that the optimum
weight at the various iterations by the TA method is less than the QA method. However, the weight of
structure has been decreased by about 56% compared to the initial weight using the approximation
methods.

One should note that a continuous approximation is carried out for the cross-sectional dimensions. As in
practice the plates are chosen from a set of available commercial sections, thus the obtained dimensions
may not be practical. A discrete approximation would be outlined in more practical values. A similar
approach outlined by Salajegheh (1996) which can be used for converting the continuous variables to
discrete values. The approximation concepts presented in this study can also reduce the computational
cost of the discrete optimization.

5.2. Example 2. Optimum design of a five-storey structure with a specified geometry

The steel framed structure shown in Fig. 5 has 150 joints and 325 elements. It is subjected to lateral
and gravity loadings. The gravity loadings in negative z-direction are assumed as the uniformly
distributed loads 2,500 kgf/m and 5,000 kgf/m on all the side and middle beams in x-direction,
respectively. The lateral loads are presented in Table 4. In this table, F, denotes the lateral loads on
joints in y-direction.

Five types of elements are used for box-shaped columns (one type for each storey) as well as ten

Table 3 Weight histories for one-storey structure (kgf)

Iteration no. QA TA

0 3736.5 3736.5
1 1847.0 1847.0
2 1750.8 1682.1
3 1706.9 1648.2
4 1689.5 1631.8
5 1670.3 1628.0°
6 1668.7°

“Optimum weight
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Fig. 5 Five-storey framed structure

Table 4 Lateral loads for five-storey structure (kgf)

Joints no. F,
26~30 2500
51~55 5000
76~80 6500

101~105 8000

126~130 9500

types of I-sections for beams (one in x-direction and one in y-direction for each storey). The other
properties of elements as well as constraints are similar to those in Example 1. Thus, a total of 2285
constraints are considered. The initial cross-sectional dimensions are shown in Table 5.

The results of the optimum design by the QA, TA and exact methods are presented in Tables 6 and 7.
Comparison of the optimum weights, number of FE analyses and active constraints at the last iteration
given in these tables, indicates that the quality of the TA method is better than the QA method. Also, as
the maximum constraints approach 0.03, the accuracy of the TA method is better. The computational
time using the TA method is less comparing with the QA method. It is due the fact that the overall

Table 5 Initial cross-sectional dimensions for five-storey structure (cm)

Type Section d, ty by tr

1,2 Box 50 1.2 30 1
34,5 Box 40 1 30 1
6,8,10,12,14 1 30 1 15 1
7.9,11 I 45 1 15 1
13,15 I 40 1 15 1
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Table 6 Comparison of the results for five-storey structure

Maod St ORI i Mo N o
Exact 194 76489.8 10937 0.0291315 359

QA 9 78742.6 1382 0.0257969 281

TA 7 78565.0 1109 0.0281267 306

Table 7 Weight histories for five-storey structure (kgf)

Iteration no. QA TA
0 98713.7 98713.7
1 82730.6 82730.6
2 80777.4 80465.2
3 80306.3 79441.8
4 79732.1 79019.6
5 79452.1 78789.0
6 79287.3 78596.6
7 79097.0 78565.0°
8 78991.2
9 78742.6°
10 78742.6

“Optimum weight

computational time in large-scale problems with several hundred degrees of freedom would decrease
when using the higher order methods. This seems to be reasonable as the time taken by the analysis is
greater than the required time for the optimization process. The overall computational time to achieve
an optimum solution depends on the number of design variables, the number of constraints and the size
of the problem in terms of degrees of freedom. Usually, all the constraints are not considered in the
optimum design and some of the critical or near critical constraints are retained. Thus, only the number
of variables and the number of degrees of freedom have a great influence on the computational time.

5.3. Example 3. Optimum design of a one-storey structure with unspecified geometry

The one-storey steel framed structure with dimensions 30 m and 40 m in x- and y- directions,
respectively and a height of 4 m is chosen. The total gravity and lateral loads are 1,200,000 kgf and
120,000 kgf', respectively. These loadings are applied on the top. Since the structural geometry varies at
various stages of optimization, the gravity loads are assumed as the uniformly distributed loads along
all the beams in accordance with their respective covering surface. Also, the lateral loads are equally
distributed as the concentrated loads on the joints of the top in each stage. Thus, four independent load
conditions, including the gravity loads in negative z-direction plus the lateral loads in both the positive
and negative x- and y-directions are considered. For this structure, one type of column box-section and
two types of beam I[-sections (one in x-direction and one in y-direction) are used. The material properties
as well as constraints are similar to those in Example 1. The initial cross-sectional dimensions are
shown in Table 8.

With due attention to the architectural requirements, the minimum and maximum distance between
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Table 8 Initial cross-sectional dimensions for one-storey structure (cm)

Type Section d, ty by tr
1 Box 35 1 35 1
2,3 I 35 0.8 20 1

columns in two directions are 2 m and 6 m, respectively. Thus, the minimum and the maximum number
of columns are 6 and 16 in x-direction and 8 and 21 in y-direction, respectively.

The optimum design of structure including the best position of columns is performed using the
extended direct search and also the new TA method. Histories at selected intervals, the inner points of
intervals and the number of selected columns in each one-dimensional search are shown in Table 9. In this
table, S is the number of one-dimensional searches and N,, N, are the number of columns in x- and y-
directions, respectively. The notation K and D represent the number of iteration in each search and the
domain of intervals, respectively. A and u are the inner points of the intervals. ¢(A1) and @(u/) are the
optimum weight (kgf) at the selected points. Also, N:: and N; denote the optimum number of columns
in x- and y-directions, respectively.

Table 9 indicates that if we use the proposed method and suppose N, = N, i, = 8 at the first one-
dimensional search for variable N, the solution of the problem requires five searches. However, a total
of 25 iterations of the optimum design procedure is necessary. The structure with N: =9, Ny' =12 and

Table 9 History at selected intervals and the number of columns in each one-dimensional search for one-storey structure

S N, N, K D a b 2 P ) # N, N,
1 Var. 8 1 13 5 18 10 13 364385 36907.5

2 8 513 8 10 377469 364385

3 5 8 13 10 11 364385 365723

4 3 8§ 11 9 10 368375 364385 10 ;
210 Var 1 13 8§ 21 13 16 337281 346718

2 8 8 16 11 13 335260 33728.1

3 5 8§ 13 10 11 338035 33526.0

4 310 13 11 12 335260 336365 - 11
3 var 11 1 13 5 18 10 13 335260 345442

2 8 513 8 10 336268 33526.0

3 5 8§ 13 10 11 335260 338402

4 3 8§ 11 9 10 333788 335260 9 -
4 9 Va1 13 8 21 13 16 333525 34308.1

2 8 8§ 16 11 13 333788 333525

3 5 11 16 13 14 333525 337782

4 311 14 12 13 331469 333525 - 12
5 va. 12 1 13 5 18 10 13 336365 347569

2 8 513 8 10 335343 336365

3 5 510 7 8 349233 335343

4 3 7 10 8 9 335343 331469 9 -

“Var.” = Variable
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the least-weight of 33,146.9 kgf'is the optimum solution of this problem. In this case, the distances between
columns in x- and y-directions are 3.75 m and 3.636 m, respectively and the structure has 216 joints
and 303 elements. The total computational time is 12955(about 3.5 hours) and the optimum cross-
sectional dimensions for this structure with the best position of columns are shown in Table 10.

If we wish to determine the best position of columns by the trial and error method, with due attention to
the minimum and maximum number of columns in two directions, the optimum design procedure should
be performed 154 times and the results should be compared. In order to demonstrate the process of this
method, the optimum design is separately performed for the structure with various numbers of columns
in x- and y-directions and their results as contour lines are shown in Fig. 6. In this figure, the horizontal
and vertical axes are N, and N,, respectively.

Although, the minimum and maximum of N, are 6 and 16 by conformity of these numbers in terms of
the Fibonacci sequence, the interval [5,18] is obtained. According to Sec. 2, the objective function should
be a unimodal function in this interval. This is used in the interval [5,18] for N, and the interval [8, 21] for
N, in Fig. 6. This figure demonstrates that the objective function is a unimodal function in each one-
dimensional direction and then, we can use the Fibonacci method in this problem. Also, with due attention
to the considered intervals, a structure with N; =9, N; =12 and the least-weight of 33,146.9 kgf is the
optimum solution of this problem.

Although, N, = N, mi» = 8 is used for the first search, Fig. 6 shows that by moving in the each one-

Table 10 Optimum cross-sectional dimensions for one-storey structure with the best position of columns (cm)

Type d, ty by I
1 21.393 0.524 22.622 0.541
2 26.182 0.599 15.049 0.500
3 24.688 0.507 15.012 0.539

20

6 8 10 12 14 16 18

Fig. 6 Plot of objective function (weight of structure) in design space for one-storey structure
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dimensional direction, we obtain the solution of the problem with a maximum of five searches and
performing a maximum of 25 iteration of the optimum design procedure. This indicates that the efficiency
of the proposed method is very high. Although, the ratio between the numbers of optimization processes
for the two cases is about 16%, this ratio is much less for the computational times. For structures with
largeand, the number of variables and also the computational time are also increased.

5.4. Example 4. Optimum design of an eight-storey structure with unspecified geometry

Consider an eight-storey steel framed structure with dimensions 25 m and 20 m in x- and y-directions,
respectively. For this structure, eight types of box-shaped columns (one type for each storey) and
sixteen types of I-section beams (one in x-direction and one in y-direction for each storey) are used. The
specifications for the structure are shown in Table 11. In this table, % is the height of each storey. The
notations F, and F) are the total independent lateral loads in x- and y-directions and F’ is the total
gravity loads in negative z-direction at each floor level. In the each iteration, the total gravity and lateral
loads are distributed on the beams and joints, similarly to Example 3. The notations NC, NB, and NB,
are the type numbers of columns and beams in x- and y-directions for various floors, respectively. The
material properties and imposed constraints are similar to Example 1. The initial cross-sectional dimensions
are shown in Table 12. The minimum and maximum distances between columns in two directions are
assumed to be 2 m and 7 m. Thus, the minimum and maximum number of columns is 5 and 13 in x-
direction and also 4 and 11 in y-direction, respectively.

The optimum design of structure is performed using the proposed method and the results are shown
in Table 13. This table shows histories at selected intervals, the inner points of intervals and the number
of selected columns in each one-dimensional search. Parameters are similar to those in Example 3. This
table indicates that if we assume that N, = N, i, = 4 in the first one-dimensional search for variable N,,

Table 11 Specifications for eight-storey structure

Storey h (m) F., F, (kgf) F.(kgf) NC NB, NB,

1 3.5 10000 -350000 1 9 17

2 3.5 20000 -350000 2 10 18

3 3.5 30000 -350000 3 11 19

4 3.5 40000 -350000 4 12 20

5 3.5 50000 -350000 5 13 21

6 3.5 60000 -350000 6 14 22

7 3.5 70000 -350000 7 15 23

8 3.5 80000 -350000 8 16 24

Table 12 Initial cross-sectional dimensions for eight-storey structure (cm)

Type Section d, ty by tr
1~5 Box 50 1.5 50 1.5
6~8 Box 50 1.2 50 1.2
9~13 I 50 1.5 25 1.5
14~16 I 50 1.2 20 1.2
17~21 I 50 1.5 25 1.5
22~24 I 50 1.2 20 1.2
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Table 13 Histories at selected intervals and the number of columns in each one-dimensional search for eight-
storey structure

S NN, N, K D 4 b 2 P #) v N, N,
1 Var 4 1 8 5 13 8 10 306412 320333

2 5 5 10 7 8 298419 306412

3 3 5 8 6 7 301289 298419 7 ;
2 7 Var 1 8 4 12 7 9 285468 292863

2 5 4 9 6 7 283405 285468

3 3 4 7 5 6 292121 283405 - 6
3 Va6 1 8 5 13 8 10 293742 310869

2 5 5 10 7 8 283405 293742

3 3 5 8 6 285550 283405 7 ;

“Var.” = Variable

the solution of the problem is obtained using three searches. However, a total of 12 times the optimum
design procedure is performed in this problem and a structure with, N:: =17, N; = 6 and the least-weight
of 283,405 kgf is the optimum solution of this problem. In this case, the distances between columns in
x- and y-directions are 4.167 m and 4 m, respectively and the structure has 378 joints and 904 elements.
In this problem, the total computational time is 47129s(about 13 hours).

If we wish to solve this problem by the trial and error method, the optimum design should be
performed 72 times and their results are shown in Fig. 7. This figure demonstrates that the objective
function is a unimodal function in both directions and thus we can use the Fibonacci method in this
problem. Also, a structure with N: =17, N; = 6 and the least-weight of 283405 kgf is the solution of

0DODEE
0DOSEE

11 12 13

Fig. 7 Plot of objective function in design space for eight-storey structure
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this problem. It is observed that by moving in each one-dimensional direction, we obtain the solution of
the problem with a maximum of five searches and performing the optimum design procedure for a
maximum 20 times. In this problem, the ratio between numbers of optimization processes for the two
cases is about 16% which indicates that efficiency of the proposed method is very good.

6. Conclusions

A new third order approximate function has been proposed and its efficiency has been shown during
structural optimization. The exact evaluation of functions is computationally expensive, thus the generation
of some appropriate approximation allows an efficient and also a robust optimization process. The main
feature of this efficient proposed method is that the higher order derivatives are determined from the
available first order derivatives. Moreover, only the diagonal elements of the higher order derivatives
are estimated and employed in approximate functions. The numerical results indicated that the quality and
accuracy of the TA method is higher comparing with the QA method.

Also, efficiency of the extended direct search method has demonstrated in the context of determining
the best position of columns in modular steel framed structures. This method is one of the most efficient
methods for determining the minimum value of functions with two discrete variables. If such method is
not used, then the optimum geometry of the structure could be obtained by many trials and errors,
which is computationally expensive. As the dimensions of structure and domain between minimum and
maximum the number of columns in structural plan are increased, the efficiency of the method also
increases. Firstly, geometry of the structure is formed based on choosing the preliminary variables, i.e.,
the number of columns in x- and y-directions of structural plan and then, the main variables of cross-
sectional dimensions are determined using the optimization procedure outlined above. The present
numerical results indicate that the weight of steel framed structures is a unimodal function in terms of
the number of columns in two orthogonal directions. Also, the proposed method for the optimum
design of these structures including determination of the best position of columns is very efficient and
can be used in practical situations.

References

American Institute of Steel Construction (AISC) (2002), 9th Ed., Chicago.

Arora, J.S., Huang, M.W. and Hsieh, C.C. (1994), “Methods for optimization of nonlinear problems with discrete
variables: a review”, Struct. Optim., 8, 69-85.

Bruyneel, M. and Fleury, C. (2002), “Composite structures optimization using sequential convex programming”,
Adv. Eng. Sofiware, 33(7-10), 697-711.

Chung, T.T. and Chiou, C.H. (2001), “Self-adjusted convex approximation method for structural optimization”,
Comput. Struct., 79(6), 665-672.

Edwin, K.P. Chong and Stanislaw, H. Zak (2001), An Introduction to Optimization, New York: John Wiley &
Sons.

Salajegheh, E. (1996), “Discrete variable optimization of plate structures using dual method”, Comput. Struct.,
58(6), 1131-1138.

Salajegheh, E. (1997), “Optimum design of plate structures using three-point approximation”, Struct. Optim.,
213(13), 142-147.

Salajegheh E. (2000), “Optimum design of steel space frames with frequency constraints using three-point
Rayleigh quotient approximation”, J. Constr. Steel Res., 54, 305-313.



Optimum design of steel framed structures including determination of the best position of columns 359

Salajegheh, E. (2000), “Optimum design of structures with high quality approximation of frequency constraints”,
Adv. Eng. Sofiware, 31(6), 381-384.

Salajegheh, E., Heidari, A. and Saryazdi, S. (2005), “Optimum design of structures against earthquake by a
modified genetic algorithm using discrete wavelet transform”, Int. J. Num. Meth. Eng., 62, 2178-2192.

Salajegheh, E. and Heidari, A. (2004), “Optimum design of structures against earthquake by adaptive genetic
algorithm using wavelet networks”, J. Struct. Multidisc. Optim., 28, 277-285.

Salajegheh, E. and Heidari, A. (2005-a), “Time history dynamic analysis of structures using filter banks and
wavelet transforms”, Comput. Struct., 83, 53-68.

Salajegheh, E. and Heidari, A. (2005-b), “Optimum design of structures against earthquake by wavelet transforms
and filter banks”, Earthq. Eng. Struct. Dyn., 34, 67-82.

Salajegheh, E., Gholizadeh, S. and Khatibinia, M. (2008), “Optimal design of structures for earthquake loads by
a hybrid RBF-BPSO method”, Earthq. Eng. Eng. Vib., 7, 13-24.

Salajegheh, E. and Rahmani, A. (1998), “Optimum shape design of three-dimensional continuum structures using
two-point quadratic approximation”, in: B.H.V.

Topping, Editor, Advances in Computational Structural Mechanics, Proceedings of the Fourth International
Conference on Computational Structure Technology, Civil- Comp Press, Edinburg, 435-439.

Salajegheh, E. and Salajegheh, J. (2002), “Optimum design of structures with discrete variables using higher
order approximation”, Comput. Methods Appl. Mech. Eng., 191(13-14), 1395-1419.

Vanderplaats, GN. and Miura, H. & Associates, Inc. (1991), DOT user s manual, Version 3.00, VMA Engineering.

Wang, L.P., Grandhi, R.V. and Canfield, R.A. (1995), “Improved two-point function approximation for design
optimization”, AIAA4 J., 33, 1720-1727.

Wang, L.P,, Grandhi. R.V. and Canfield, R.A. (1996), “Multivariate Hermite approximation for design optimization”,
Int. J. Num. Meth. Eng., 39, 787-803.

Xu, G, Yamazaki, K. and Cheng, GD. (2000), “A new two-point approximation approach for structural optimization”,
J. Struct. Multidisc. Optim., 20, 22-28.

cc





