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ABSTRACT

The main aim of the present study is to achieve optimum design of reinforced concrete (RC)
plane moment frames using bat algorithm (BA) which is a newly developed meta-heuristic
optimization algorithm based on the echolocation behaviour of bats. The objective function
is the total cost of the frame and the design constraints are checked during the optimization
process based on ACI 318-08 code. Design variables are the cross-sectional assignments of
the structural members and are selected from a data set containing a finite number of
sectional properties of beams and columns in a practical range. Three design examples
including four, eight and twelve story RC frames are presented and the results are compared
with those of other algorithms. The numerical results demonstrate the superiority of the BA
to the other meta-heuristic algorithms in terms of the frame optimal cost and the
convergence rate.
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1. INTRODUCTION

Optimum design of reinforced concrete (RC) structures is more complicated compared with
steel structures. In the case of steel structures, the cost is directly proportional to the
structural weight while for RC structures the cost of concrete, steel and formwork influence
the total cost. Also the design space of RC structures optimization problem can be extremely
large in comparison to steel structures.
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In the past, many studies have been performed in the field of cost optimization of RC
structures and a comprehensive literature review may be found in [1]. This literature review
reveals that among the meta-heuristic algorithms, genetic algorithm (GA) has been widely
used to perform RC frames optimization. However, in the work of Kaveh and Sabzi [1] big
bang-big crunch (HBB-BC) and heuristic particle swarm ant colony optimization
(HPSACO) algorithms have been used to tackle RC frame optimization problems. In other
studies, Kaveh and Sabzi [2-3] utilized other meta-heuristic algorithms for optimization of
RC frames for strength constraints. In the most recent work of Kaveh and Behnam [4], 3D
RC frames were optimized for natural frequency constraints by charged system search
(CSS) meta-heuristic algorithm.

Employing stochastic search techniques allows exploration of a larger fraction of the
design space in comparison with gradient-based optimization methods. In order to approach
the region containing the global optimum by spending low computational cost in terms of
the number of required structural analyses, a variety of meta-heuristic optimization methods
inspired by nature were developed. The meta-heuristics demonstrate their efficiency in
many of the structural optimization problems and this is why these methods have been
extensively employed in the field of structural engineering [5].

A very promising recent development in the field of meta-heuristic algorithms is bat
algorithm (BA) proposed by Yang [6]. BA is a new search algorithm based on the
echolocation behavior of microbats. The capability of echolocation of microbats is
fascinating, as these bats can find their prey and discriminate different types of insects even
in complete darkness. Preliminary studies indicate that BA is superior to GA and particle
swarm optimization (PSO) [7] for solving engineering optimization problems [8-9].
Recently, Carbas and Hasancebi [10] employed BA for optimum design of steel frames.

In the present paper, BA is employed to implement design opimization of RC frames
subject to gravity and lateral loads. Three design examples are presented and the numerical
simulations demonstarte the efficiency of BA compared with other algorithms.

2. FORMULATION OF RC FRAMES OPTIMIZATION PROBLEM

The main aim of the size optimization of RC structures is to minimize the total cost of the
frame. Therefore, in this paper total cost of frame is chosen to be the objective function of
the optimization problem. The total cost of a frame includes the cost of concrete, steel
reinforcement and framework of all beams and columns. In this case the objective function
can be stated as follows:

nb nc
F = (Cebyihyi+Co Ayt Ce (b, + 20, )L+ D (Ceb, e+ Co Ay +2Cc (b, +h, ))H, (D)
j=1

SRS
i=1

where F is objective function; nb is the number of beams; by; , hy;, Li and Asp; are the ith
beam width, depth, length and area of the steel reinforcement, respectively; nc is the number
of columns; b, hej , Hj and Asc; are the jth column width, depth, length and area of the
steel reinforcement, respectively; Cc, Cs and Cg are the unit cost of concrete, steel and
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framework, respectively. As mentioned in [1], in the present work the following unit costs
are also considered: Cc=105 $/m>, Cs=7065 $/ m*®, Cr=92 $/ m".

It is clear that a semi-infinite set of member width, depth and steel reinforcement
arrangements can be considered for RC structure elements. In this case, as the dimensions of
the design space are very large, the computational burden of the optimization process
increases. In order to reduce the dimensions of design space and consequently the
computational cost, a countable number of cross-sections can be employed by constructing
data sets in a practical range. This idea has been successfully utilized in the past researches
[1, 11-12] by using the tables of the reinforced concrete column and beam sections. In the
present study, the section databases constructed for beams and columns in [1] are employed.
these databases of beams and columns are shown in Figures 1 and 2, respectively. Further
information about the databases can be found in [1].

Number of bars Factored moment resistance (kN.m)
Beam Width Depth Area Moment of inertia ~ Center End Cent End Cost per unit
number (mm)  (mm)  (<10°mm?) (<10°mm®) (D19) (D22 enter length ($)
1 300 450 1350 2278.1 2 2 7441 97.67 133.95
2 300 450 1350 2278.1 3 2 108.84 97.67 135.96
1013 450 900 4050 27338 10 12 761.3 11523 301.78
1014 450 900 4050 27338 12 12 893.43 11523 305.79

Figure 1. Database for the beams [1]

Colurmn Width Depth Numberof Po P P; Ps M, M;: M, Cost per unit
number (mm) (mm) bars(D25) (kN) (kN) (kN) (kN) (kN.m) (kN.m) (kN.m) length ()

1 300 300 4 16433 13147 429 692.7 22.19 81.98 70.52 133.72

2 300 300 6 1880.7  1504.6 405.7 1039.1 25.97 101.82 100.61 140.66

54 200 900 22 13128 10503 4961.3 3810 717.17 22307 1504.5 492.55

55 900 900 24 13366 10693 4954.9  4156.3 739.31 2326.2 1638.1 499.48

Figure 2. Database for the columns [1]

During the optimization prosecc, axial force and bending moments for each column and
only bending moments for each beam are computed via finite element analysis. In this paper,
frames are analyzed for the following load cases according to ACI 318-08 code [13]:

Load Casel: 1.2DL+1.6LL
Load Case 2,3: 1.2DL+1.0LL+1.4EL (2)
Load Case4,5: 0.9DL+1.4EL

where DL, LL and EL are dead, live and earthquake loads, respectively.
In order to design a beam the externally applied moment at mid-span (M), left (M, ) and

right (M) joints of beams should be respectively less than the factored moment capacities at
the middle (gm ), and near the ends (¢M ;). The factored moment capacity for beams is
computed as follows:
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M, = A T,(d-2) ®)
a= b (4)
0.85fb

where ¢=0.9 is the strength reduction factor; As is the area of the tensile bars; f, is specified

yield strength of the reinforcing bars; d is the effective depth of the section which is measured
as the distance from extreme compression fiber to centroid of the longitudinal tensile
reinforcing bars of the section; a is the depth of the equivalent rectangular compressive stress
block; f! is compressive strength of the concrete and b is the width of the cross-section.

The strength of a column subject to bending moment and axial force is evaluated using a
simplified linear P-M interaction diagram [1] shown in Figure 3.

QP4
(0,Po)™
e B (Mu,Pu)
4 ~aa2(Mz,P1)
(0.P)
A ($Mn,dPn)
3(MsiPs3)
0 $Mn
[e) 4(M4,0) =
5
(0.Ps) v

Figure 3. A simplified linear P-M interaction diagram [1]

In a designed column the corresponding pair (M, P,) under the applied loads does not fall
outside the interaction diagram. In Figure 3, if point B shows the position of the pair (M, Py)
and A is the crossing point of the line connecting B to the O and the interaction diagram, then
the distance of the points A and B from O can be calculated. The ratio of the mentioned
distances can be used as the constraint of the columns resistance. The angle between line OB
and the horizontal axis () is required to specify the point A. The lengths of OA (L,) and OB
(Ly) lines, can be computed as follows:

Ln = (¢Mn)2+(ﬁ3n)z ' Lu = \/(Mu)2+(Pu)2 (5)

Therefroe, if for a column section L, <L, it can be concluded that the secction is suitable

and safe enough. Besides the strength requirements, for columns of a frame, the dimensions of
the top column (including width and height of the cross section i.e., by, hy) should not be
larger than those of the bottom one (bg , hg), and also the number of reinforcing bars in the top
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column (ny) should not be greater than that of the bottom column (ng).

In a sizing structural optimization problem, the aim is usually to minimize the weight of the
structure under some behavioural constraints. For a RC frame structure, a discrete sizing
optimization problem can be formulated as follows:

Minimize: F  Subject to: (6)
M+

g, = ¢'V|u§ -1<0 (7
M-

g, :‘—“E—lg 0 (@)
M,

g3:¢M: -1<0 (9)

g, = _1<0 (10)

g =2 -1<0 (11)
by

g, = _1<0 12)
h

s 13

g,=—"-1<0 (13)
nB

In this study, the constraints of the optimization problem are handled using the concept
of penalty functions method (PFM) [14]. In this case, the pseudo unconstrained objective
function is expressed as follows:

d=F (1+ I:z)eam + IDcolumn) (14)
Pean =y i((max{o, 03 +(max{0, g, +(max{0, .37 ) (15)
Protumn = T, i((max{o, 0.1 +(max{0, go) +(max{0, g, +(max{0, 9,3, (16)

where® and r, are the pseudo objective function and positive penalty parameter,
respectively; p__,and P are the penalty functions of beams and columns of the frame,

eam’ column
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respectively.
In this paper, the newly developed bat algorithm (BA) [6] is employed to tackle RC
frames optimization problem. The BA is explained in the subsequent section.

3. BAT META-HEURISTIC ALGORITHM

The BA meta-heuristic optimization algorithm is inspired from the echolocation behavior of
microbats. Echolocation is an advanced hearing based navigation system used by bats to detect
objects in their surroundings by emitting a sound to the environment. While they are hunting
for preys or navigating, these animals produce a sound wave that travels across the canyon and
eventually hits an object or a surface and return to them as an echo. The sound waves travel at
a constant speed in zones where atmospheric air pressure is identical. By following the time
delay of the returning sound, these animals can determine the precise distance to circumjacent
objects. Further, the relative amplitudes of the sound waves received at each individual ear are
used to identify shape and direction of the objects. The information collected this way of
hearing is synthesized and processed in the brain to depict a mental image of their
surroundings [10].

The echolocation characteristics of microbats in BA are idealized as the following rules [8]:

1. All bats use echolocation to sense distance, and they also ‘“‘know’’ the difference
between food/prey and background barriers in some magical way;

2. Bats randomly fly with velocity V; at position X; with a fixed frequency fni,, varying
wavelength 4 and loudness A’ to search for prey. They can automatically adjust the
wavelength (or frequency) of their emitted pulses and adjust the rate of pulse emission
re[0,1], depending on the proximity of their target;

3. Although the loudness can vary in many ways, it is assumed that the loudness varies
from a large (positive) A° to a minimum constant value Anin;

The position and velocity of each bat should be updated in the design space. As
optimization of RC frames using the section databases constructed for beams and columns is a
discrete optimization problem, the following equations can be employed for updating position
and velocity of ith bat:

1:i = fmin +(frnax - 1:min)ui (17)
Vit = round (VK +(XF=X") ;) (18)

where fmin and fax are the lower and upper bounds imposed for the frequency range of bats. In
this study, fmin=0.0 and f,=1.0 are used; u; e [0,1] is a vector containing uniformly distribution
random numbers; X is the current global best solution;

A local search is implemented on a randomly selected bat from the current population using
the following equation:
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X =X +round (g; A“"") (20)

where ¢; is a uniform random number in the range of [-1, 1] selected for each design variable

of the selected bat. A“**is the average loudness of all the bats at the current iteration.

The loudness A; and the rate r; of pulse emission have to be updated accordingly as the
iterations proceed. As the loudness usually decreases once a bat has found its prey, while the
rate of pulse emission increases, the loudness can be chosen as any value of convenience. In
this work, A° =1 and Anin = 0 also, r° = 0 and Fmax = 1.

Ak+1 — aAk (21)
F =10 (L) (22)

where o and y are constants. In this study, a = 0.9, and y = 0.01.
The pseudocode of standard BA containing its basic steps is summarized as shown in
Figure 4.

Bat Algorithm

Pseudo objective function @(X)
Initialized the bat population X; (i=1, ..., n) and V;
Define pulse frequency f; at X;
Initialize loudness A; and pulse emission rate r;
while (k < maximum number of iterations)
Generate a new population by updating positions and velocities of the previous population
if rand > r;
Select the ith solution from the current population
Generate a local solution around the selected solution by a local random walk
endif
ifrand <A & &(X,) < D(X")
Accept the new solution
Update A; and r;
endif
Update the best solution X~
end while
Present the final solution

Figure 4. Pseudocode of standard bat algorithm (BA)

BA is a new meta-heuristic algorithm which has two main computational merits in
comparison with existing meta-heuristics:
1- Frequency tuning: the frequency-based tuning mechanism of BA leads to better
convergence and simpler implementation compared with other algorithms.
2- Dynamic control of exploration and exploitation: the balance of exploration and
exploitation plays a very important role in convergence behaviour of an optimization
algorithm. BA uses a dynamic strategy for exploration and exploitation. In fact,
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automatic switch from exploration to more extensive exploitation can be achieved
when the optimality is approaching; thus, the algorithm can be very efficient in
practice [8].
In the next section the results of RC frames optimization employing BA are preseted and
compared with other meta-heuristic algorithms.

4. NUMERICAL RESULTS

In this work, three RC plane frames are selected from [1]. In these examples, lateral
equivalent static earthquake loads (EL) are applied as joint loads, and uniform gravity loads
are assumed for a dead load DL = 22.3 kN/m and a live load LL = 10.7 kN/m. For all
examples, five loading cases of Eq. (2) are considered for strength design. The assumed
specified compressive strength of concrete and yield strength of reinforcement bars are
f/=23.5 and f,=392 MPa, respectively.

In this paper, all of the required computer programs are coded in MATLAB [15]. Also for
computer implementation a personal Pentium 1V 3.0 GHz has been used.

In all the presented design examples, the number of bats in the population is 50 and the
total number of generations is limited to 1000. A termination criterion is considered for BA
in all the presented examples. If the best solution is repeated in 40 consecutive iterations the
algorithm will be terminated.

The demand/capacity ratio (DCR) in the members of the optimum solutions, which is
defined in the following equations, are given in all examples.

For beams:  pcR = maxd Mo ‘M“l, My (23)
My M M
For columns: pcr=lv (24)
L

n

4.1 Example 1: Three bay, four-story RC frame

For the three bay, four-story RC frame, the geometry, lateral equivalent static earthquake
loads and grouping details are shown in Figure 5.

Table 1 compares the results of optimization reported in [1] with those of obtained by
BA in the present study. DCR in the members of the optimum solution obtained by BA for
the three bay, four-story RC frame is given in Figure 6. It can be observed that the optimum
solution is feasible. Figure 7 shows the convergence rate of BA for optimization of three
bay, four-story frame.

The results indicate that the optimum cost obtained by BA is slightly less than those of
reported in [1] however, BA requires 4550 structural analyses while the algorithm employed
in [1] requires 8500 ones. These results demonstrate that BA not only found the best design
overall but required also much less structural analyses than the other algorithm.
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Figure 5. Three bay, four-story RC frame

Table 1: Optimum designs of three bay, four-story RC frame
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BA Kaveh and Sabzi [1]
Sectional dimensions Reinforcements Sectional dimensions Reinforcements
Element Width Depth Positive  Negative Width Depth Positive  Negative
Type  Group (mm) (mm) moment  moment (mm) (mm) moment  moment
B Bl 300 450 3-D19 5-D22 300 500 3-D19 5-D22
eam
B2 300 450 4-D19 5-D22 300 500 4-D19 5-D22
C1 350 350 8-D25 350 350 8-D25
Column
C2 350 350 4-D25 300 300 6-D25
Frame cost ($) 21630 22207
Number of structural analyses 4550 8500
1
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Figure 6. DCR in the members of the optimum three bay, four-story RC frame
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30000
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Cost (X*) =21630 S
Number of analyses = 4550

Frame cost ($)

20000

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Number of analyses

Figure 7. Convergence history of BA for three bay, four-story RC frame

4.2 Example 2: Three bay, eight-story RC frame

The geometry of the three bay, eight-story RC frame, its element groups and lateral
equivalent static earthquake loads are shown in Figure 8.
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T 7sm . 1Sm 4 15m '%' N
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Figure 8. Three bay, eight-story RC frame

The results of three bay, eight-story RC frame optimization obtained by BA are
compared with those of the reported in [1] in Table 2. DCR in the members of the optimum
solution obtained by BA for the three bay, eight-story RC frame is given in Figure 9. The
results depicted in this figure imply that the optimum solution is feasible.

The convergence history of BA for optimization of three bay, eight-story frame is shown
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in Figure 10. As well as the first example the optimum cost obtained by BA in this example
is also less than those of the reported in [1]. The results indicate that BA requires 18400

structural analyses which is considerably less than that of the reported in [1].

Table 2: Optimum designs of three bay, eight-story RC frame

BA

Kaveh and Sabzi [1]

Sectional dimensions

Reinforcements

Sectional dimensions

Reinforcements

Element Width Depth Positive  Negative Width Depth Positive  Negative
Type Group (mm) (mm) moment  moment (mm) (mm) moment  moment
B1 300 500 3-D19 5-D22 300 500 3-D19 6-D22
Beam B2 300 500 3-D19 5-D22 300 500 3-D19 6-D22
B3 300 500 3-D19 4-D22 300 500 3-D19 5-D22
C1 400 400 8-D25 400 400 8-D25
Column C2 450 450 8-D25 450 450 12-D25
C3 350 350 8-D25 350 350 8-D25
C4 350 350 4-D25 350 350 8-D25
Frame cost ($) 47047 48263
Number of structural analyses 18400 39500
1
0.9
0.8
0.7
06
x
Q 05
fal
0.4
0.3
0.2
0.1
0
! Beams Columns

Figure 9.E)CR in the members of tﬁe
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T
2000 4000
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Figure 10. Convergence history of BA for three bay, eight-story RC frame
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4.3 Example 3: Three bay, twelve-story RC frame

S. Gholizadeh and V. Aligholizadeh

The geometry, element groups and lateral loading of the three bay, twelve-story RC frame,
are presented in Figure 11.
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Figure 11. Three bay, twelve-story RC frame

Comparison of the results of the RC frame optimization obtained by BA with those of the
reported in [1] is given in Table 3. For the optimum solution obtained by BA the DCRs in
the members of the the RC frame are depicted in Figure 12 indicating that the optimum
solution is feasible. The convergence history of BA for optimization of three bay, twelve-
story frame is shown in Figure 13.
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Table 3: Optimum designs of three bay, twelve-story RC frame
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BA Kaveh and Sabzi [1]
Sectional dimensions Reinforcements Sectional dimensions Reinforcements
Element Width Depth Positive  Negative Width Depth Positive  Negative
Type  Group (mm) (mm) moment  moment (mm) (mm) moment  moment
B1 350 550 3-D19 6-D22 350 600 3-D19 6-D22
Beam B2 350 550 3-D19 6-D22 300 550 5-D19 6-D22
B3 350 550 3-D19 5-D22 300 500 3-D19 6-D22
C1 450 450 8-D25 450 450 10-D25
C2 600 600 10-D25 600 600 12-D25
Column C3 400 400 8-D25 400 400 10-D25
C4 450 450 10-D25 500 500 10-D25
C5 350 350 8-D25 350 350 8-D25
C6 350 350 8-D25 400 400 4-D25
Frame cost ($) 80470 81138
Number of structural analyses 25800 54600
1
09
08
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o
Q 05
04
0.3
02
0.1
0
B Beams i Columns _
Figure 12. DCR in the members of the optimum three bay, twelve-story RC frame
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Figure 13. Convergence history of BA for three bay, twelve-story RC frame
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As well as the first two examples, in the present example also the optimum cost obtained
by BA is less than those of the reported by kave ans sabzi [1]. As shown in Figure 13 the BA
converges after 25800 structural analyses which is considerably less than the number of
structural analyses required by the algorithm presented in [1].

5. CONCLUSIONS

The present paper deals with design optimization of reinforced concrete (RC) frames using
bat algorithm (BA). The BA meta-heuristic optimization method is inspired from the
echolocation behavior of bats. Recently achieved researches have demonstrated the high
efficiency of BA in comparison with existing meta-heuristic algorithms. The robustness of
BA lies in its interesting ability in making a satisfactory balance between exploration and
exploitation characteristics. Automatic switch from exploration to more extensive
exploitation is achieved in BA when the optimality is approaching. The efficiency of the BA
meta-heuristic is numerically examined using four, eight and twelve story RC frames and
the results are compared with thoes of reported in literature. In the presented design
example, the optimum cost found by BA is slightly better compared with those of other
algorithms. However, the computational demands of BA is considerably better in
comparison with other algorithms.
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