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This paper presents the application of the harmony search based algorithm to the optimum detailed
design of special seismic moment reinforced concrete (RC) frames under earthquake loads based on
American Standard specifications. The objective function is selected as the total cost of the frame which
includes the cost of concrete, formwork and reinforcing steel for individual members of the frame. The
modular sizes of members, standard reinforcement bar diameters, spacing requirements of reinforcing
bars, architectural requirements and other practical requirements in addition to relevant provisions
are considered to obtain directly constructible designs without any further modifications. For the RC col-
umns, predetermined section database is constructed and arranged in order of resisting capacity. The
produced optimum design satisfies the strength, ductility, serviceability and other constraints related
to good design and stated in the relevant specifications. The lateral seismic forces are calculated accord-
ing to ASCE 7-05 and it is updated in each iteration. Number of design examples is considered to dem-
onstrate the efficiency of the optimum design algorithm proposed. It is concluded that the developed
optimum design model can be used in design offices for practical designs and this study is the first
application of the harmony search method to the optimization of RC frames and also the optimization

of special seismic moment RC frames to date.

© 2014 Civil-Comp Ltd and Elsevier Ltd. All rights reserved.

1. Introduction

In recent years structural optimization has witnessed an emer-
gence of robust and innovative search techniques that strictly
avoid gradient-based search to counteract with challenges that tra-
ditional optimization algorithms have faced for years. The basic
concept behind each of these techniques rests on simulating the
paradigm of a biological, chemical, or social systems (such as
evolution, immune system, and swarm intelligence or annealing
process) that is automated by nature to achieve the task of optimi-
zation of its own [1-3]. The design algorithms developed using
these meta-heuristic search techniques are particularly suitable
for obtaining rapid and accurate solutions to problems in structural
engineering discipline [4,5]. This is particularly true in the
optimum design of steel structures where the design problem
turns out to be a discrete optimization problem when it is formu-
lated according to design codes used in practice.

In many practical engineering design problems, design variables
may consist of continuous or discrete variables. In structural
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optimization problems, the design variables are functions of the
cross sections of the members and they are often chosen from a
limited set of available values. For example, steel structural mem-
bers are chosen from standard steel profiles in the market, struc-
tural timber members are provided in certain sizes, and
reinforced concrete members are usually designed and constructed
with discrete dimensional increments. Design optimization of rein-
forced concrete (RC) structures is more challenging than that of
steel structures because of the complexity associated with rein-
forcement design. Also, only one material is considered for the
optimization problems of steel structures and the structural cost
is directly proportional to its weight in general. But in the case of
the optimum design of concrete structures, three different cost
components due to concrete, steel and formwork are to be consid-
ered and the overall cost of the structure is affected from any slight
variation in the quantity of these components. Therefore, the opti-
mization problem of concrete structures becomes the selection of a
combination of appropriate values of design variables to make the
total cost component the minimum.

In the literature, there are a number of studies on optimization
of RC members and frames. Practical applications of traditional
optimization methods are not suitable for optimum design of RC


http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruc.2014.10.003&domain=pdf
http://dx.doi.org/10.1016/j.compstruc.2014.10.003
mailto:aakin@yahoo.com
mailto:mpsaka@uob.edu.bh
http://dx.doi.org/10.1016/j.compstruc.2014.10.003
http://www.sciencedirect.com/science/journal/00457949
http://www.elsevier.com/locate/compstruc

80 A. Akin, M.P. Saka/Computers and Structures 147 (2015) 79-95

frames and these algorithms require additional modifications to fit
the discrete nature of structural design variables. Choi and Kwak
[6] haves suggested more practical discrete optimization tech-
niques. They used direct search method to select appropriate
design sections from some pre-determined discrete member sec-
tions for the cost optimization of rectangular beams and columns
of RC frames based on the ACI and Korean codes. Balling and Yao
used the simulated annealing method which is one of the
metaheuristic algorithm to optimize three-dimensional reinforced
concrete frames [7]. Discrete variables as well as limits on the
number of reinforcing bars and their topological arrangements
are considered in their study. Rajeev and Krishnamoorthy [8]
applied a simple genetic algorithm to the cost optimization of
two-dimensional RC frames. The detailing of reinforcement is con-
sidered as a design variable in addition to cross-section dimen-
sions. The allowable combinations of reinforcement bars for
columns and beams were tabulated. Camp et al. [9] used genetic
algorithms (GAs) by constructing a database for beams and col-
umns which contains the sectional dimensions and the reinforce-
ment data in the practical range to optimize for optimum design
of plane frames. Lee and Ahn [10] used to the genetic algorithms
to optimize reinforced concrete plane frames subject to gravity
loads and lateral loads. In their study, the constructing data sets,
which contain a finite number of sectional properties of beams
and columns in a practical range removed the difficulties in finding
optimum sections from a semi-infinite set of member sizes and
reinforcement arrangements. Kwak and Kim [11] studied on opti-
mum design of RC plane frames based on pre-determined section
database. In their study, pre-determined section databases of RC
columns and beams are constructed and arranged in order of
resisting capacity and optimum solutions are obtained using direct
search method. They also used genetic algorithms for similar opti-
mization problems [12]. Govindaraj and Ramasamy [13] used
genetic algorithms for optimum detailed design for RC frames
based on Indian Standard specifications. The dimensions and rein-
forcement arrangement of column, and the dimensions of beam
members alone are considered as a design variables and the
detailing of reinforcements in the beam members is carried out
as a sub-level optimization problem. The modular sizes of mem-
bers, available standard reinforcement bar diameters, spacing
requirements of reinforcing bars, architectural requirements on
member sizes and other practical requirements are arranged in
order to obtain for the optimum designs to be directly constructi-
ble without any further modifications.

In the studies available in the literature the shear design calcu-
lations of concrete members are not considered and the cost of
shear reinforcement (ties) is not taken into consideration in the
total cost of the frame. Only the simple constraints such as capacity
and regulations for flexural reinforcement are included. The detail-
ing of the reinforcement bars is oversimplified and the develop-
ment length of bars is not considered in the cost calculations. In
some of these studies, the lateral loading on the frame is consid-
ered; however, the values of the lateral loads are taken as a con-
stant even though the value of lateral loads change with the
weight of the structure subject to seismic specifications. Akin
and Saka [14] presented optimum design algorithm based on har-
mony search method for the detailed design of special seismic
moment reinforced concrete plane frames considering provisions
of ACI 318-05 [15] and ASCE 7-05 [16]. The design algorithm pre-
sented in this study considers all required code provisions and
obtains the optimum solution by using harmony search algorithm
for reinforced concrete frames which is ready for practical design
application.

In this study, the algorithm is extended to cover the optimum
design of large size reinforced concrete frames. The paper is
arranged as follows. In Section 2, the modeling of the detailed

optimum design problem is explained; the objective function, the
design variables and the constraints derived from design provi-
sions of ACI 318-05 are described. In Section 3, the harmony search
algorithm is introduced and the optimum design process of rein-
forced concrete frames based on the harmony search algorithm is
presented. In Section 4, illustrative examples are provided to dem-
onstrate the efficiency and the performance of the algorithm pre-
sented in this study. In Section 5, the summary and conclusions
are provided.

2. Modeling of optimum detailing design problem of reinforced
concrete plane frames

In this study, harmony search method is used to obtain the opti-
mum detailed design for reinforced concrete special seismic
moment frames. Reinforced concrete special moment frames are
used as part of seismic force-resisting systems in buildings that
are designed to resist earthquakes. Beams, columns, and joints in
moment frames are proportioned and detailed to resist flexural,
axial, and shearing actions during an earthquake. RC frames with
special proportioning and detailing requirements are capable of
resisting strong earthquake shaking without significant loss of
stiffness or strength. These moment-resisting frames are called
“Special Moment Frames” because of these additional require-
ments. A new optimum design algorithm is developed for the RC
special seismic moment frames and the variable pool constructed
to obtain buildable optimum designs. In the design formulation,
the objective function is selected as the cost of the RC structure
which includes the cost of concrete, reinforcement and formwork.
To satisfy uniformity of the structure and to obtain constructible
designs, the beam and column members are separated to design
groups. The design variables are categorized into two groups and
arranged for the beam and column members. For the columns,
the section database which includes the dimensions and the rein-
forcement detailing of column sections is constructed with the
most commonly used sections. The design constraints are imple-
mented according to ACI 318-05. The constraints derived from
the code are checked to obtain feasible designs. This study not only
considers the flexural design constraints, but also the shear design
constraints and the seismic design constraints. The development
lengths of the reinforcement steel bars are calculated according
to the given regulations in the design specifications. The cost of
the shear reinforcement and the impact of the development length
on the cost are considered. In the design of frames, the matrix dis-
placement method is used for the structural analysis and the load
combinations are taken from the ACI code. The self-weight of RC
beams is included in the structural analysis and it is updated in
each iteration of the optimization process. The lateral seismic
forces are calculated according to ASCE 7-05 and it is updated in
each iteration according to the selected design weight.

This paper is unique as it is the first application of the harmony
search method to the design optimization of RC frames. Addition-
ally, the detailing of the reinforcement in the concrete members,
the consideration of the shear design of members, and the deriva-
tion of the constraints are handled in more detail in this study. The
lateral seismic forces affecting the RC frame are obtained for the
site properties according to ASCE 7-05 even though other existing
studies do not consider the lateral seismic forces in their design.
Also, this study is the sole study about the optimization of Special
Seismic Moment RC Framesto date.

2.1. Objective function
In structural optimization problems, the objective function is

generally described as the weight or total cost of structure. Usually,
the weight of structure is used for the optimum design of steel
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structures. For the optimum design of reinforced concrete (RC)
structures, the cost of structure is more convenient as an objective
function, because concrete structures involve different materials
and the nature of concrete design is different. In reality, the mini-
mum weight design may not be the minimum cost design for espe-
cially concrete structures. Besides the unit costs of different
materials involved concrete construction influence the total cost
of the concrete structures. For these reasons, the optimization prob-
lem of concrete structures should be formulated in terms of the
total cost, which includes the costs of concrete, steel and formwork.

In this study, the objective function is selected as the total cost
consisting of individual cost components of concrete, steel and
formwork. The cost of any component is inclusive of material, fab-

rication, and labor. The objective function is expressed
mathematically,

Minimize
fcost:CC+C5+Cf (1)

where C.=the cost of concrete, Cs=the cost of reinforcing bars,
Cr= the cost of formwork (includes labor and placement).

The costs of components, C., G, and Cj, are calculated for each
member by the following equations. For the cost of concrete, C;

Cc = VC . (UCC) (2)

where C.=the cost of concrete, V. =the total volume of concrete,

(UC,) = the unit cost of concrete ($/m?).
Ncol Nbeum
Vc = ZbidiLcolumn.i + Z bwjhchlear beam.j (3)

i—1 =1

where N, = the number of column members, b; and d; = the width
and depth of ith column member with rectangular cross section,
Leomn = the length of ith column member, Npeqn = the number of
beam members, b, = the width of jth beam, h; = the height of jth
beam, Lejear beamj = the clear span length of jth beam.

For the cost of steel, C;

Cs = Ws . (UCS) (4)
where C; = the cost of steel, W= the total weight of steel used as

reinforcement bar in the concrete frame, (UC;)=the unit cost of
steel ($/kg).

Neor Nbar.i Neor Niie,i Nbeam Nbarm
W Z ZASjlbm‘j + Z ZAsh klnek + Z ZA llbarl
i=1 j=1 i=1 k=1 m=1
Npeam Ntiem
+ Z ZAst,nltie,n (5)
m=1 n=1
where N, . =the number of longitudinal reinforcement bars

placed in the member, Ny, .. = the number of ties used in the mem-
ber, A;, . = the area of reinforcement bars, 4. .. = the length of rein-
forcement bars, Ay . ,Ash,. .. =the area of shear reinforcement bars
(ties) lye,. .. = the length of ties.

For the cost of formwork, Cj;

Cr = A - (UG) (6)

where Cr=the cost of formwork, As=the total formwork area,

(UGy) = the unit cost of formwork ($/m?).
ml
Af = Z{z column.i - (Areabeams@joint,i)}
Nheam
+ Z {(bw,/' + 2hj)Lclear beamj} (7)

=

where Areapeamsajointi = the cross-section area of beams connected
to the ith column at joint.

The detailed evaluation of objective function is defined by Egs.
(2-7). The unit costs are based on market prices and their values
changes from time to time and also from country to country. For
these reasons, the unit price data cannot be fixed and needs to
be updated. In the previous studies in the literature, researchers
used different country design specifications for design and differ-
ent market prices for unit costs depending to their countries. The
different unit material costs are used for the design examples,
and these values are given with concerned examples.

2.2. Design variables

Design variables are divided two groups as column design vari-
ables and beam design variables and to obtain practical designs
beams and columns are separated to groups. Total number of
design variables is determined according to number of column
and beam groups.

2.2.1. Beam design variables

For beam design groups, the cross-section of beams, the area of
reinforcement bars along all beams, and the area of reinforcement
bars placed on the top and bottom of beam spans and supports are
considered as design variables. The cross-sectional dimensions of
the beam are considered as the design variable. In addition to
cross-section dimension of the beam, the areas of longitudinal bars
that are placed continuously at the bottom of all the beams and the
tensile reinforcements at the spans of beams, and supports for each
beam are also considered as the design variable. These design vari-
ables and their numbers in the problem are defined in Table 1. The
design variables relevant with reinforcement bars are not defined
as the surface area of reinforcing bars. Instead the reinforcement
bar layout is defined and these design variables relevant with rein-
forcement are expressed in terms of the number of reinforcing bars
and the diameter of reinforcing bars. By this way, design process
can reach directly constructible optimum designs. The details of
the design variables are shown in Fig. 1. The total number of the
beam design variables, Npq,, for one beam group changes according
to number of span (bay) in frame. Total number of beam design
variables for one beam group is calculated by Eq. (8);

Nbdv =5 + 4nbay (8)

The total number of beam design variables when each beam
group considered, NdVyeqm, is computed by following equation;

Ndybeam = nbeamgroup . Nbdv (9)

where Npgy, = the total number of the beam design variables for one
beam group, npqy, = the number of bays in a frame, Npeam group = the
total number of beam group.

For the cross-sectional and reinforcement design variables, the
design variable pools are created as shown in Table 2. For the rein-
forcement design variables, the values are selected such that they
give constructable reinforcement areas. In other words, the num-
ber and diameter of the bar for a beam can be considered as one
design variable (n¢d n; number of bars, d; diameter of bars). For this
purpose, the variable pool table is composed of a combination of
number and diameter of bars. For the reinforcement design vari-
ables, the design variable pool is created by the combination of
number and diameter of reinforcement bars as shown in Table 2.
It is apparent from the design pool that 61 different combination
of number and diameter of a bar can be arranged for each rein-
forcement design variables. The 6 reinforcement bar combination
are used for the reinforcement continues through the top (Xi-)
and bottom (X;3) of all the beams. In this optimum design problem,
material strengths, unit costs of materials, structural geometry,
support conditions, loading conditions, and cover details are pre-
assigned as design parameters at the beginning of the optimization
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Table 1

Cross-sectional and reinforcement design variables for beam groups.
Design variables Number
Xiq The width and the height of beam cross-section 1
Xio The area of the steel reinforcement that continues through the top of all the beams® 1
Xis The area of the steel reinforcement that continues through the bottom of all the beams*® 1
Xia — Xix The area of the top steel reinforcement at spans of beams* Npay
Xike1 — Xim The area of the bottom steel reinforcement at spans of beams*® Npay
Xim+1 — Xin The area of the top steel reinforcement at the supports® Npay*+1
Xine1 — XiNbdv The area of the bottom steel reinforcement at supports® Npay*+1

i=number of beam group (ith beam group), npqy; number of spans (k = 3 + npay, M =3 + 2Npey, N =4 + 3Mpay, Npay = 5 + 4pay),
2 For the reinforcement design variables, the areas of steel reinforcement bars are defined in terms of the number and diameter of the bars (n¢d n; number of bars, d;

diameter of bars) to obtain constructible reinforcement areas.

X1 (b, /h ) cross-sectionof beams |
1 | ] 1 1 1
I i ]
I i I
1 | ] 1 1 1
Xi2 (n22) ‘
- X (e $x)
Xi¢ (ng0s) - R w (0 Ok
Xi.s (ns'¢s) . ,
n ; number of reinforcing bars
O ; diameter of reinforcing bars
Xi ket (Ni=1"0ieet) . Xim (N $u)
Xik=2 (=2 Gpe=2)

Xim-1 (Nm-1"0m-1)

Xin+t (Npe1'0net)

Y (D)

Xio: (D) Xines (Dg=30z-3)

Xi3 (n3°03)

Fig. 1. The reinforcement bar layout and the design variables for ith beam group.

process. However, the value of the dead load which includes the
self-weight of beam depending on the cross-sectional dimensions
is automatically updated during the design cycles.

2.2.2. Column design variables

The optimum design problem of RC buildings is more complex
than the optimal design of steel structures because only one struc-
tural material is considered in steel structures and the cost of the
steel structures is only assumed to be proportional to its weight.
Unlike the design of steel structures, there is infinite set of member
size and amount of steel reinforcement used in the design of rein-
forced concrete (RC) buildings. The importance difference between
optimum designs of steel and concrete structures is that more
combinatorial characteristics affect the determining the cross-sec-
tional dimensions, and the layout and arrangements of reinforcing
bars in RC building design. In addition to the discrete and combina-
torial nature of the RC sections, the restrictions and reinforcement
detailing specified in the design specifications make the optimum
design of RC buildings even more complicated.

In the literature, many researchers suggested and used a lot of
practical discrete optimization techniques developed for discrete
optimum design of RC frames by the construction of a concrete
section database [6-10]. In these studies, discrete optimum sec-
tions are directly searched based on the relationship between the
section identification numbers and properties (dimensions and
resistant capacities) of sections. The sections widely used in prac-
tical design are selected to construct database.

In this study, the concrete section database is constructed for
the selection of section of column members. Practically, the dimen-
sions of column sections in a RC frames are usually increased by
50 mm a step, and the diameters of reinforcing bars in column
members change between 14 and 30 mm most frequently. The
design variables for the construction of column section database
are selected as the dimensions of columns in x and y directions,
the diameter of reinforcement bars at the cross-section of column
and numbers of reinforcement bars in both sides of the column as
shown in Fig. 2. The lower-upper bounds and increments of these
variables are given in Table 3. Assigning these values to variables
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Table 2
Variable poll for beam design variables.

# Xq (mm) # X;—X3 # X4 — XNbav
1 250/400 1 2012 1 NNR
2 250/450 2 2414 2 1412
3 250/500 3 3¢12 3 1414
4 250/550 4 26416 4 1416
5 250/600 5 3414 5 1418
6 300/400 6 3¢16 6 1420
7 300/450 7 1¢22
8 300/500 8 1424
9 300/550 9 1426

10 300/600 10 1428

11 300/650 11 1430

12 300/700 12 2012

13 350/500 13 2914

14 350/550 14 2¢416

15 350/600 15 2918

16 350/650 16 2¢20

17 350/700 17 2922

18 400/600 . .

19 400/650 . .

20 400/700 45 5¢18

21 400/750 46 5¢20

22 400/800 47 5¢22

23 450/700 48 5¢24

24 450/750 49 5¢26

25 450/800

26 450/850

27 450/900 55 6918

28 500/700 56 6620

29 500/750 57 6¢22

30 500/800 58 6924

31 500/850 59 6026

32 500/900 60 6028

61 6¢30

2 NNR; no need reinforcement.

all possible section combinations are composed, and the combina-
tions satisfy the constraints between 12 and 20 (given in
Section 2.3.1) are taken the section pool. However, the number of

¢ . the diameter of reinforcing
bars in a column section
4

possible combinations is 37,440 and obtained feasible sections
number is obtained as 6199. This quantity of feasible column sec-
tions is too large to obtain the optimum results using optimization
methods. Additionally, some of sections have similar section prop-
erties and flexural moment strength. For these reasons, obtained
feasible column sections are evaluated to their section properties
and flexural strength for balanced case. Finally, the feasible solu-
tion number in the column section database is decreased to 219
which is a reasonable number for optimum design process. The
selected feasible column sections are given in Table 4. The com-
pressive strength of concrete and the yield strength of steel are
taken as 30 MPa and 400 MPa, respectively, and the cover of the
concrete section is taken as 50 mm to evaluate the strength of sec-
tions and to select the sections in the database. In the optimum
design process, the interaction diagrams for the assigned sections
are computed for the given material strength properties and the
detailing of the section.

2.3. Constraints

Constraints to be considered in the optimum design problem
are strength, serviceability, ductility and other side constraints.
Constraints can be imposed separately for column groups, beam
groups and connection regions. These constraints are taken from
ACI 318-05.

2.3.1. Constraints for column groups

Two types of design constraints are considered for the column
members of the RC frame. The first type includes those constraints
on the axial load and moment resistance capacities of the section,
clear spacing limits between reinforcing bars, and the minimum
and the maximum percentage of steel allowed. The second type
consists of those constraints defining architectural requirements
and good design and detailing practices. These include the
requirement of the minimum and the maximum dimensions of
column, the maximum aspect ratio of the section, maximum

ny ; number of reinforcing bars in x

direction
: ]
' ' '
® ol s
n2 ; number of
- reinforcing bars
iny direction
b - .,-.- ............................ i
o
o o o
v

3

d

>
>

Fig. 2. The design variables for construction of column section database.
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Table 3
Design variable bounds for RC column design examples.

Design variables Lower bound Upper bound Increment (step size) Number of possible values in the range
Xic b (mm) 300 500 50 mm 5
Xae d (mm) 400 1000 50 mm 13
X3e ¢ (mm) {14,16,18,20,22,24,26,28,30} 9
X4c and Xs, ny and n, 0 7 1 8
Table 4 on the axial load and moment resistance capacities of the section,
Design variables database for column sections. clear spacing limits between reinforcing bars, and the minimum
# d b 6 M M Pame (kN) Py (kN) M, (kNm) and Fhe maximum perceptage of s.teel alloyved. The secgnd type
] 200 300 14 1 1 228878 851 13097 consists of those constra}r}ts deﬁnllng archlte;tural requ1rem§nts
5 400 300 14 1 2 2363.72 84846  142.13 and good demgq and detailing practices. These 1qclude the require-
3 400 350 14 2 1 269522 991.85 1493 ment of the minimum and the maximum dimensions of column, the
4 400 350 14 1 2 269522 991 158.38 maximum aspect ratio of the section, maximum number of reinforc-
5 400 350 22 1 1 306077 97218  193.67 ing bars and other reinforcement requirements. The constraints are
6 400 400 16 2 1 314144 112826 175.97 lained and di lized f - bel
7 400 400 18 1 1 314755 112548 18434 explained and expressed in a normalized form as given below.
. . . The maximum axial load capacity of columns, P, max should be
. . . . . . . greater than the factored axial design load acting on the column
31 550 300 20 4 1 380551 1248.66  316.54 section, P;
32 550 300 20 2 2 365257 122219 330.19 p
d(iji . .
33 550 350 14 5 2 3865.19 1456.02  305.28 & (X) _ (J)' __1<0 i= ]7NCOI j= ],6 (10)
34 550 350 14 3 3 379025 1441.67 31133 Ppmax (1,J)
35 550 350 20 2 1 395543 1431.02  326.84 ) )
. . . where i = number of the column (ith column), N, = total number of
: : : : : : columns, j = load combination type.
59 600 400 22 3 2 527347 181846  504.35 For a column section with uni-axial bending, the moment carry-
60 600 400 18 4 4 5216.88 1816.61  508.45 . ity of col tion. M... obtained f h factored axial
61 600 450 16 3 2 516046 204357 44472 ing capacity of column section, My, obtained for each factored axia
. . . . . . design load, P4, should be greater than the applied factored design
. . . . . . . moment, My;
79 650 500 20 5 3 691636 250533  696.33 M
80 650 500 20 3 6  7069.31 2459.97  795.58 d(ij) ; ;
X)=—>—-1<0 i=1,N =1,6 11
8 650 500 24 3 5 758933 2459.47  889.61 8:() Moap, = oNeol ] ’ (1)
82 700 300 14 5 1 408031 1641.18  399.37 "
83 700 300 20 4 2 470434 16409  527.01 where i = number of the column (ith column), N, = total number of
8 700 300 20 5 2 485729 1662.59 5437 columns, j = load combination type.
: 4 The percentage of longitudinal reinforcement steel, p, in a col-
111 750 300 16 4 1 4414.58 1762.82 47277 umn section should be between minimum and maximum limits
112 750 300 14 5 2 4403.88 1766.52  477.93 permitted by design specification (pmin = 0.01 and pmax = 0.06);
113 750 300 16 5 1 451247 1778 484.58 0
114 750 300 18 5 1 472048 1788.23 52022 g(x)=Lmn_1<0 (12)
. . . 'D,-
141 800 350 20 4 2 586459 2208.09 72595 and
142 800 350 20 5 2 6017.54 223238 7458 0 )
143 800 350 18 7 3 612766 224681 767.84 84(X) = P 1<0  i=1Na (13)
144 800 350 20 7 2 632343 2268.88  783.91 fmax
: : : : : : where i = number of the column (ith column), N, = total number of
: . . . : : : columns.
158 800 500 24 5 5 927295 315495 129931 . . .
150 850 350 14 7 1 568051 237126 6641 The width b qu the hglght d. ofa C.OII.JmH section should not be
160 850 350 16 7 1  5909.93 238699 707 less than the minimum dimensions limit value given for columns
161 850 350 14 7 3 58304 2366.19  721.87 (min. dimension, cdmin = 300 mm);
162 850 350 16 6 2 5909.93 2369.95  731.11 i
o 4 4 | , g5 == —1<0 (14)
187 900 450 20 5 3 824236 3226.06 1141.62 '
188 900 500 20 5 5 929413 3564.72  1350.11 and
189 950 400 20 5 1  7522.09 3057.72  1027.23 g
. . . . . . COmin .
_ _ _ _ _ _ _ ge(x) = pl -1<0 i=1,Ng (15)
1
216 1000 500 20 5 3  9816.98 3998.45  1473.01 . )
217 1000 500 18 5 5 9774.16 3977.65 1504.87 where i = number of the column (ith column), N, = total number of
218 1000 500 22 6 4  10508.3 4025.99 1677.74 columns.
219 1000 500 28 5 2 109855 407149 174945

number of reinforcing bars and other reinforcement requirements.
The constraints are explained and expressed in a normalized form
as given below.

Two types of design constraints are considered for the column
members of the RC frame. The first type includes those constraints

The ratio of shorter dimension of column section to longer one
should be greater than permitted limit (cdrm;, = 0.40);

cdrmin
g7(X) = (bz/dl)

where i = number of the column (ith column), N, = total number of
columns.

-1<0

i:l,le (16)
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The minimum diameter of longitudinal reinforcing bars, ¢, in a
column section should be greater than minimum bar diameter,
¢dmin, Specified by design code;

_ Pmin
é;

where i = number of the column (ith column), N, = total number of
columns.

The total number of longitudinal reinforcing bars, nrb, in a col-
umn section should be smaller than specified maximum number of
reinforcing bars, nrbny.x, for detailing practice (nrbyax = 24);

gs(X) -1<0  i=1,Nuy (17)

-1<0

nrb;
8o(x) =

= nrbmax 1= 17Nwl (18)

where i = number of the column (ith column), N, = total number of
columns.

The minimum and maximum clear spacings between longitudi-
nal bars, g, in a column section should be between minimum and
maximum limits, ayi, and amax, Specified for detailing practice
(@min =50 mm and amax = 150 mm);

gio(X) =" —1<0 (19)
1

and
a; .

g (X) = am;x —1<0  i=1,Ng (20)

where i = number of the column (ith column), N, = total number of
columns.

The shear force capacity of column section, ¢V,, should be
greater than applied factored design shear force, Vy;

Vi)
g12(%) Vi
where i = number of the column (ith column), N, = total number of
columns, j = load combination type.

Also, the shear force capacity of column section, ¢V,, should be
greater than the minimum capacity shear forces, min{Vg,Vle’},
based on probable maximum flexural strength of column, V¢ ,
and based on probable maximum flexural strengths at the ends
of beams framed into the top joint of column, v‘g;

; b
min { Vg(k) Ve(l() }
d’vn(k)

where k=number of the column group (kth column group),
N = total number of column groups.

The factored design shear force acting on column section,Vy,
should be less than allowed maximum shear force capacity,
$Vimax,

-1<0 i=1,Ny j=1,6 (21)

g13(x) = -1<0 k= LNcqumn group (22)

_ Vauy
d)vmax (ig)

where i = number of the column (ith column), N, = total number of
columns, j = load combination type.

The area of shear reinforcement (ties), As,, should be greater
than limitations on the minimum area of shear reinforcement,
Ash,min;

g14(X) -1<0 iz]chol j:1?6 (23)

As in .
ng(X):%—l <0 k=1,Neoumnegrop j=1,3 (24)
sh(i.j)
0.062\/fbdp > 0.35dp
Agmin — max { 0.3shc (;Lg - 1)% 25)
o.ogst%

where k=number of the column group (kth column group),
Neotumn group = total number of column groups, j = three (top, middle
and bottom parts) shear design region of column, f. = the compres-
sive strength of concrete, f, = the yielding strength of reinforcing
steel, b andd = the width and height of column section, s=the
spacing between stirrups (ties), b. = the cross-sectional dimension
of column core measured center-to-center of outer legs of the
transverse reinforcement comprising area Ag,, A =the gross area
of section, A, =the cross-sectional area of member measured
out-to-out of transverse reinforcement.

The spacing between stirrups, s, in the column should be greater
than minimum spacing, Smin (Smin =50 mm) for constructional
requirements;

Smin
g16(X) = -1<0

S k= 17Ncolumn group ] = 173 (26)
(i)

where k=number of the column group (kth column group),
Neotumn group = total number of column groups, j = three (top, middle
and bottom parts) shear design region of the column.

At the top and bottom ends of column members, the spacing
between stirrups, s, should be less than maximum spacing of shear
reinforcement for end regions of column, Syax end;

Siij .
g17(x) = ﬁ -1<0 k= 17Ncolumn group ] = 172 (27)
%
Smax.end — min % (28)
6y

where k=number of the column group (kth column group),
Neotumn group = total number of column groups, j = two (top and mid-
dle parts) shear design region of the column, b andd = the width and
height of column section, s= the spacing between stirrups (ties),
¢p = the diameter of longitudinal reinforcing bars.

For the middle parts column members, the spacing between
stirrups, s, should be less than maximum spacing of shear
reinforcement, Smax middre:

s . .
gls(x) = S(Lm& -1 < 0 k= 17Ncolumn group (29)
max,middle
(64
Smax,middle — TN { 15bCIT1 (30)

where k=number of the column group (kth column group),
Neolumn group = total number of column groups, ¢;, = the diameter of
longitudinal reinforcing bars.

The length of top and bottom shear regions, [,, should be greater
than allowable design length, I, min;

_ IO.min

-1<0

glg(x) k= ]7Ncolumn group j: 172 (31)

~ logy
larger of b and d

1/6 clear span of column (32)
45 cm

lo min — mMax

where k=number of the column group (kth column group),
Neomn group = total number of column groups, j=two (top and
middle parts) shear design region of column, b andd = the width
and height of column section.

2.3.2. Constraints for beam groups
Constraints to be imposed for each beam group are based on
strength, serviceability, ductility and other side constraints. The
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normalized forms of all constraints considered in optimum design
problem are given below.

For three critical sections (left end, middle part and right end) of
each beam, the negative (with top steel in tension) and positive
(with bottom steel in tension) moment carrying capacities of sec-
tion for M,, should be greater than the applied factored design
moments Mg;

_ Magjrn

E20(X) = 1<0 i=1,Nyan j=1,...,6k=131=12
Mugijk )

(33)

where i =number of the beam (ith beam), Npeqm = total number of
beams, j = load combination type, k = three critical sections for flex-
ural design of beam, | = the negative moment and positive moment
situations (top steel in tension or bottom steel in tension).

The tension area of longitudinal reinforcement steel bars in
tension A, for three critical sections in a beam should satisfy the

START
N d

Step 1

Initialize Problem

Specification of each design variable
and design groups for beam and column
members

Specification of the constraints
minimize or maximize f{x,)
subject to constraints

:

Generation of Harmony Memory

Generation of initial harmony
memory with feasible design
vectors (randomly selected,
satisfies constraints, and sorted by
the cost of frame)

Step 2

Step 5 w

Termination criterion
Maximum number of searches
satisfied?

—NEN

minimum and the maximum requirements permitted by design
specification;

Asmin (i .
g21(x):%k('l~)’“”flgo i=1,Npean k=13 1=1,2
5(i k.
(34)
and
Ak .
gZZ(X):A (kD) 1<0 l:17Nbeam k:1>3 l:1>2
s,max (ik,
(35)
0.25%b,h
As.min — max y
1.4bsh
T (36)

Asmax = 0.025b,,h  (for the total area
of top and bottom flexural bars)

Initialize HS parameters

Specification of harmony memory
size (HMS), harmony memory
considering rate (HMCR), pitch
adjusting rate (PAR) , and termination
criterion (maximum number of
search)

Step 3

Improvision of new
harmony

Generate new design (vector)
according to three rules;

- HMCR  (memory considering)
- PAR (pitch adjusting)

- Random selection

:

Evaluation of new

harmony
Does A new design vector satisfy

the constraints ?
and
Is the cost of new design better
than the worst design cost in HM?

-

Update harmony

eliminate the design vector have the
worst cost in HM

insert a new feasible design vector
into HM

sorted design vectors in HM by the
cost of design vectors (f(x)) goto
step 5

Step 4

Fig. 3. Optimum design procedure of RC frames with Harmony search algorithm.
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where i = number of the beam (ith beam), Npeqrm, = total number of
beams, k=three critical sections for flexural design of beam,
I = the negative moment and positive moment situations (checking
for top and bottom reinforcement steel area), b,, andh = the width
and height of beam section, f.=the compressive strength of
concrete f, = the yielding strength of reinforcing steel.

At any end (support) of the beams, the positive moment
capacity M,, (i.e., associated with the bottom steel) should be
greater than 1/2 of the beam negative moment capacity M, (i.e.,
associated with the top steel) at that end;

i=1,Npeam k=1,2 (37)

where i = number of the beam (i.th beam), Nyeqmn = total number of
beams, k = the left and right ends of beam.

87
The positive flexural moment strength,M; 4. at span of
beams should be greater than a quarter of negative and positive
flexural moment strengths at the ends of beams, M, and M; ;

1M

Goa(¥) =1 <0 (38)
n,(i,middle)

and
1Mt

gzs(x)zlv“ﬁﬂqgo i=1,Npeam k=1,2 (39)
n,(i,middle)

where i = number of the beam (i.th beam), Nyeqn = total number of
beams, k = the left and right ends of beam.

g =30 kN/m g =30 kN/m
~ Beam group 1 ~ - A
I R IS
Sp 8
5 5 5 £
g § 5 >
5 g =30kN/m 5 g =30 kN/m 3 <
] O ] A
v
~ | Beam group 2 ~ - A
N - -
Sp S
5 T 5 5
5 30 kN/i = 30 kN/i S S
~ = m ~ = m ~ -
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Fig. 4. Two-bay six-storey RC plane frame.
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The shear force capacity of three regions (left and right ends,
and span) of beam, ¢V, should be greater than applied factored
design shear force, Vy;

_ Vaiju
DVaiijl

where i = number of the beam (i.th beam), Npeqm, = total number of
beams, j = load combination type, k = three critical region (left and
right ends, and span) for shear design of beam.

Also, the shear force capacity of design regions in a beam, ¢V,
should be greater than the probable shear forces based on probable
maximum flexural strengths with the factored gravity loads at
beam ends of beam, max{V,, Ve>};

gzs(x) -1<0 i:LNbeam j:176 k:1~,3 (40)

_max{Vey Ve }

87 (X) = Voin -1<0  i=1,Npgn k=1,3

(41)

where i = number of the beam (i.th beam), Npeqn, = total number of
beams, k = three critical region (left and right ends, and span) for
shear design of beam.

The factored design shear forces at the middle and ends of
beam,V,, should be less than allowed maximum shear force capac-

ity' OVimax;

Vaik

g9 = ~1<0  i=1Npam k=13 (42)

Vmax (i,k)
where i = number of the beam (i.th beam), Npeqm = total number of
beams, k = three critical region (left and right ends, and span) for
shear design of beam.

The spacing between stirrups s, in the middle and the ends of
the beam should be greater than the minimum spacing, Smin
(Smin = 50 mm) for constructional requirements;

Smin
8p(*)=—-1<0

k:lsNbeam j:1>3 (43)
S(ik)

where i = number of the beam (i.th beam), Npeqm = total number of
beams, k = three critical region (left and right ends, and span) for
shear design of beam.

At the left and right ends of beam members, the spacing
between stirrups, s, should be less than maximum spacing limit
of shear reinforcement for end regions of beam Syax end;

g30(x):s:a(%*1<0 i=1,Npean k=1,2 (44)
i

Smax.end — min 30cm (45)
244,

where i = number of the beam (ith beam), Npeqrm = total number of
beams, k = three critical regions (left and right ends and the span)
for shear design of beam, h = the height of beam section, ¢, = the
diameter of shear reinforcing bars (ties).

Along the span of a beam member, the spacing between stirrups
s should be less than maximum spacing of the shear reinforcement,

Smax,middles

800 = 0 <0 i1, N (46)
Smax, middle
%
Smax, middle — min { 60 cm (47)
304:b,

where i =number of the beam (ith beam), Npeqr, = total number of
beams, h =the height of beam section, b,, and h = the width and

height of column section, As,= the area of shear reinforcement
(tie), fy = the yielding strength of reinforcing steel.

The area of shear reinforcement (ties) in beam sections (span
and ends of beam), Ay, should be greater than limitations on the
minimum area of shear reinforcement, Ay min;

g32(x):'m_1<0 iz]vaeam k:1,3 (48)
Asv(i,k)
Asymin = 0.062 fcbwhi = 035]’[i (49)
’ f)’ fy

where i =number of the beam (ith beam), Npeq, = total number of
beams, k = three critical regions (left and right ends, and along the
span) for shear design of a beam, f.=the compressive strength of
concrete f, = the yielding strength of reinforcing steel, b, and
h = the width and height of beam section, s = the spacing between
stirrups (ties).

The width of beams, b,,, should be greater than allowable min-
imum width for beams, b,y min;

83(X) = b,;”"“f“ ~1<0  i=1,Npean (50)
w(i)
25cm
bwmin = MaX § Ly (51)
50

where i =number of the beam (ith beam), Npeqr, = total number of
beams, Lpeqm = the length of beam.

The height of beams, h, should be greater than allowable mini-
mum height for beams, h min;

hmin

834(X) = he 1<0 i =1, Npeam (52)
1
Lpeamiy A
Boir — L—lgrsv for one end continuous (53)
sen® - for both end continuous

where i =number of the beam (ith beam), Npeqr, = total number of
beams, Lpeqm = length of the beam.

2.3.3. Constraints for joints

At frame joints, the width of beams, b,,, should be smaller than
the width of column, b, framed into the ends joint of beam;
gs(0) =7 - 1<0  i=1 N (54)
where i=number of the joint (ith joint), Njin = total number of
joints.

The width of the top column, b, should be equal or smaller than
the width of the bottom column at the column joints;

btop column(i)

g36(X) = -1<0  i=1,Njine (35)

- bbottom column(i)
where i=number of the joint (ith joint), Njin = total number of
joints.
The height of the top column, h, should be equal or smaller than
the width of the bottom column at the column joints;
htop column(i)

g37(X) = -1<0 i= 1;Njoint (56)

hbattam column(i)
where i=number of the joint (ith joint), Njin = total number of
joints.
The sum of nominal flexural strengths of columns framing into
the joint, XM, should be 1.2 times greater than the sum of nom-
inal flexural strengths of beams framing into same joint, XM,,,

8 XMy

835(x) = SMocy 1<0

i= 17Njoint (57)
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where i=number of the joint (ith joint), Njoinr = total number of
joints.
The relative story displacements, A;, should be smaller than the
allowable story drift, A, given in the design specification;
Al
(3) .
839(%) = AT 1<0 i=1,Nstory (58)
a
where i=number of the story (ith story), Ny, = total number of
stories, h; = the height of story from base level.

3. Harmony search method

The harmony search (HS) algorithm is used to determine the
optimum solution of the design optimization problem described
in the previous section. This algorithm is one of the recent meta-
heuristic optimization techniques which is originated by Geem
et al. [17-19] The harmony search algorithm only needs adjust-
ment of a few parameters, consists of simple steps and has a fast
convergence rate [20-28]. The algorithm is widely used to obtain
the solution of optimum structural design problems [29-33].

The HS algorithm mimics the improvisation of music players for
searching the better harmony. The various possible combinations of
the musical pitches stored in the musicians’ memory, when they
compose a harmony. And musicians can find the pleasing harmony
from their harmony memories. The players play any pitch within
the possible range, and these sounds make one harmony vector in
music improvisation. These harmony vectors are stored in each
player’s memory if all the pitches make a good harmony, and the
possibility to make a better harmony is increased next time. In
the adaptation of this musical improvisation process into the solu-
tion of optimization problems, each musician corresponds to a deci-
sion variable and possible notes correspond to the possible values
of decision variables. Similarly in optimization problems, each deci-
sion variable initially chooses any value within the possible range,
and these values of decision variables make one solution vector. If
all the values of decision variables make a good solution, these solu-
tion vectors are stored in the memory. Thus, the possibility to make
a good solution is also increased next time. For example, if the first
musician plays {La} while second and third musicians play {Fa} and
{Do} from their harmony memories or randomly, a new harmony is
created {La, Fa, Do}. And if this new harmony is better than the
existing worst harmony in the harmony memory (HM), the new
harmony is included in the HM and the worst harmony is excluded
from the HM. This procedure is repeated until a nice harmony is
found. In engineering optimization problems, decision variables
are replaced with musicians, and the values selected for variables
are replaced with sound pitches of musicians. The steps of harmony
search algorithm are as follows;

Step 1. Optimization problem and algorithm parameters are
initialized.

Step 2. Harmony memory matrix (HM) is initialized.

Step 3. A new harmony from the HM is improvised.

Step 4. Harmony memory matrix is updated.

Step 5. Steps 3 and 4 are repeated until the termination criterion
is satisfied.

These steps can be summarized in the following:

Step 1 - The discrete optimization problem is specified as

follows:
Minimize f(x) s.t.x;, € X;,i=1,2,...,N

where X; is the set of possible candidate values for each
decision variable i. A design variable pool is constructed

for each design variable. The number of solution vectors
in harmony memory matrix (HMS), harmony memory
considering rate (HMCR), pitch adjusting rate (PAR), and
termination criterion (maximum number of search) are
also decided in this step.

Step 2 - The “harmony memory” (HM) matrix is filled with ran-
domly generated solution vectors using the values in
the design pool and sorted by the values of the objective
function, f{x). The Harmony Memory is filled with as
many solution vectors as harmony memory size (HMS).
The harmony memory matrix has the following form:

1 1 1 1
X X o Xy XN
2 2 2 2
Xy X3 o XN XN
H] =
HMS-1  yHMS—1 HMS-1 3 HMS1
Xy X XN-1 XN
HMS HMS HMS HMS
X1 Xy e XNTT Xy

Table 5
Input data for two-bay six-story RC frame example.

Input datas for two-bay six-storey frame

Compressive strength of concrete, f. (N/mm?) 20
Yielding stress of steel, f, (N/mm?) 415
Cover for beams, mm 25
Cover for columns, mm 25
Total number of beam groups 2
Total number of beams 12
Total number of column groups 3
Total number of columns 18
Lateral force for each story (kN) 10
Factored uniformly distributed load on beams (kN/m) 30
Harmony Search Algorithm Parameters

HMS 45
HMCR 0.80
PAR 0.15

Max. iteration 100,000

Table 6
The optimum values of design variables for two-bay six-story RC frame.

Optimum design results for two-bay six-storey frame

Design variables Column Column Column
Gr. 1 Gr.2 Gr.3
Optimum column design results
Section number in design pool (3) (82) 3)
The height of section, h (mm) 400 500 400
The height of section, b (mm) 350 300 350
The diameter of reinforcement bars, ¢(mm) 14 14 14
The number of bars in x direction, n; 2 3 2
The number of bars in y direction, n, 1 2 1
Total reinforcement 10414 14414 10414
Design variables Beam Gr. 1 Beam Gr. 2
Optimum beam design results
X1 25/40 (1) 25/40 (1)
Xa 2912 (1) 2¢12 (1)
X3 2912 (1) 2912 (1)
X4 1416 (4) 1416 (4)
Xs 1416 (4) 1414 (3)
X6 1412 (2) 1412 (2)
X7 1412 (2) 1412 (2)
Xg 1414 (3) 2914 (7)
Xg NNR* (1) NNR* (1)
X10 1414 (3) 1416 (4)
X11 NNR* (1) NNR* (1)
X12 NNR* (1) NNR* (1)
X13 NNR* (1) NNR* (1)

NNR*, no need reinforcement, (n;), the sequence number of ith design variable in the
design variable pool.
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Each row of harmony memory matrix contains the values
of design variables of the optimization problem and pre-
sents one feasible solution vector. The design variables
are randomly selected from the design variable pool for
that particular design variable. Hence, this memory
matrix has N columns (N; the total number of design vari-
ables) and HMS rows (HMS; harmony memory size). These
candidate solutions are sorted such that the objective
function value corresponding to the first solution vector
(first row) is the minimum or maximum.

A new harmony vector, X'=(x},x,,&%,...,Xy) is impro-
vised. There are three rules to choose one value for each
decision variable; harmony memory consideration rate
(HMCR), pitch adjustment rate (PAR), and random
selection.

In memory consideration, the value of the first decision
variable (x}) can be chosen from any discrete value in
the specified HM range {x},x% &3, ... (M1 xHMS} with
the probability of HMCR which varies between 0 and 1.
Values of the other decision variables (x!) can be chosen
in the same manner. However, there is still a chance
where the new value can be randomly chosen from a
set of entire possible values in the design variable pools
with the probability of (1-HMCR). That is

Rs. 100x10°

Step 4 -

. XML with probability HMCR
with probability (1 — HMCR)

! 1 42
,{_{xie{x“xi,..

xieX;

Any component of the new harmony vector, whose value
was chosen from the HM, is then examined to determine
whether it should be pitch-adjusted. This operation uses
pitch adjusting parameter (PAR) that sets the rate of
pitch-adjustment decision as follows:

Pitch adjusting decision for X;
{ Yes with probability PAR
No with probability (1 — PAR)

If the pitch adjustment decision for &} is Yes, &} is replaced
with x;(k) (the kth element X;), and the pitch-adjusted
value of x,(k) becomes:

X —x(k+1)

The algorithm chooses —1 or 1 for the neighboring index
m with the same probability.

After selecting the new values for each design variable
the objective function value is calculated for the new fea-
sible harmony vector. If the new Harmony vector is bet-
ter than the worst harmony in the HM in terms of the

50000

Rs. 97x10°

Rs. 94x10° - 490004

Rs. 91x10° 1

48000 -

Rs. 88x10° 1

Rs. 85x10° 1

47000

Rs. 82x10° -

46000 -

Rs. 79x10° -

Rs. 76x10° -

45000

Rs. 73x10° A

44000

Rs. 70x10°

COST, Rs.

Rs. 67x10°

43000

Rs. 64x10° A

Rs. 61x10° -
Rs. 58x10% 11y

Al
Rs. 55x10° A

Rs. 52x10° A

20x10°

30x10°

40x10° 50x10° 60x10°

Minimum Cost in Harmony Memory
— — Average Cost in Harmony Memory
===—Maximum-Cost in-Harmony-Memory
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Rs. 46x10° -

Rs. 43x10°

T
0 20x103

T
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T
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T
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Iteration Number

Fig. 5. The design history for two-bay six-storey RC plane frame (load combinations are not considered).
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objective function value, the new harmony is included in g=15kN/m
the HM and the existing worst harmony is excluded from q= 8kN/m
the HM. The HM is then sorted by the objective function

value.

Step 5 - The computations are terminated when the termination
criterion is satisfied. If not, Steps 3 and 4 are repeated.
The termination criterion is selected large enough such b Y VvV VvV V¥V v
that within this number of cycles no further improve-
ment is observed in the objective function value. ! J } !

T
150" 200°™ 150"
3.1. Optimum design process with harmony search algorithm (@)
The optimum design problem of RC frames necessitates finding o= 15 kN/m P, =10 kN/m

the appropriate values of design variables described in Section 2.2 4= 8kN/m
such that the design constraints given by the inequalities from

(1) has the minimum value. The constraints used in this optimiza-

tion problem are derived from ACI 318-05 [15] for Special Seismic I ||

Moment Frames. Also, the design calculations are performed for

(10)-(58) are satisfied and the objective function shown in Eq.
regulations of Special Seismic Moment Frames in ACI 318-05. The | | [ |

design variables are considered as two groups which are beam " 00 "looem | 100 °™ ' 200 ™ '
and column design variables. The values of beam and column

design variables are to be selected from design pools shown in (b)

Tables 2 and 4 respectively. These tables contain discrete values o= 12 kN/m

for beam design variables due to practical reasons. For each col- q= 8kN/m

umn group, only one variable is assigned and this assigned value P, =10 kN/m P, =10 kN/m

represents sequence number of the column section. This number
varies between 1 and 219. The section properties of the column
section (dimensions of column, diameter of reinforcing bars, and
the number of reinforcing bars, etc.) are taken from the assigned
row number. Hence, the solution technique to be adopted for the
optimum design problem should be capable of obtaining the solu-
tions of discrete programming problems efficiently. T T T T

Firstly, beams and columns are grouped to satisfy uniformity of 200" 200" 200"
members subject to close design forces and have similar behaviors (c)
according to their place in the frame and loading conditions. Then
the total number of design variables is calculated by using the Fig. 7. Loading for five-bay five-storey frame (a) for beams at first and last spans,

numbers of beam groups column groups and bays in a frame (b) for beams at second and fourth spans, and (c) for beams at third span.
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Fig. 6. Five-bay five-storey RC plane frame.
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and the harmony search method parameters (HMS, HMCR, PAR,
Max. iteration number) are selected. The randomly selected values
are assigned for the design variables (beam and column) and the
flexural and shear strength of beams are calculated for assigned
section properties. Also, the column interaction diagrams are
obtained for the assigned column section and material strengths
and the flexural capacities of the column sections are determined
for each load combination using the interaction diagram obtained
for assigned column section. The constraints are checked to deter-
mine feasible design vectors and the cost (the objective function)
of the frame is calculated. The Harmony Search Memory (HSM) is
filled by these feasible design vectors randomly. In this phase, har-
mony memory consideration rate (HMCR), pitch adjustment rate
(PAR), and random selection are used to determine the new values
of design variables for each iteration. If the new design vector
obtained in each iteration satisfies the constraints and the objec-
tive function value (the cost of frame) of the new design vector is
better (smaller) than the worst objective function value in the
Harmony Memory Matrix (HM), then the new design vector
(design variables) is included in the HM and the existing worst
harmony is excluded from the HM. The new HM with new design
vector is then sorted by the objective function value (the cost of
design vector). This process is repeated until the termination
criterion is satisfied. At the end of this process, the first row of
HM matrix gives the optimum design vector which includes the

Table 7
Input data for five-bay five-story RC frame.

Input datas for five-bay five-storey frame

Compressive strength of concrete, f. (N/mm?)
Yielding stress of steel, f, (N/mm?)

Cover for beams (mm)

Cover for columns (mm)

Total number of beam groups

Total number of beams

Total number of column groups

Total number of columns

Seismic parameters
Site class

SS

St

Fﬂ

Harmony search algorithm parameters

Case 1 - HMS = 40, HMCR = 0.80, PAR = 0.20
Case 2 - HMS = 50, HMCR = 0.85, PAR = 0.15
Max. iteration for each case

0.50

0.533
0.2133

100,000

$25x103
19500

+ =]

$ 24x10° 4

——r— i

19000 -

$23x10° 4

18500 -

$22x10° 4

18000 -
$21x10°

COST

17500

$20x10° 4 k

:
20x10°

25x10° | 30x10°  35x10° | 40x10°  45x10°

$19x10°

~ Maximum Cost in Harmony Memory

Minimum Cost in Harmony Memory
Average Cost in Harmony Memory

$18x103

$17x10° T T

0 20x10° 40x10°
Iteration Number

60x10° 80x10° 100x10°

Fig. 8. The design memory history for the design of five-bay five-storey RC plane frame (for Case 1).
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optimum values of design variables. The flowchart of this process is
demonstrated in Fig. 3. The computer program in Fortran program-
ming language was written to realize the explained procedure
above. The results of the program were verified by considering
solved examples from the literature.

4. Design examples

Two reinforced concrete plane frames are designed by the algo-
rithm presented in order to demonstrate its efficiency. These are
two-bay six-story and five-bay five-story frames. Design examples
with different design variable numbers are selected to show the
efficiency and the performance of the harmony search algorithm.
Uniform gravity loads are assumed for dead load (D) and live load
(L) and for seismic loading the lateral equivalent static earthquake
loads which are calculated with respect to ASCE 7-05 are applied as
joint loads. Six different factored load combinations are considered
as suggested in ACI 318-05 design code. The design examples con-
sidered are solved several times using with different set of har-
mony search parameters and among the optimum frames
obtained for each set, the best one is taken as the optimum design.

4.1. Two-bay six-story RC frame

A two-bay six-story RC frame given in Fig. 4 is designed by
Rajeev and Krishnamoorthy [8], Camp et al. [9], Govindaraj and

Table 8
The optimum values of design variables of five-bay five-story RC frame example (for
Case 1).

Ramasamy [13]. This frame has 12 beams and 18 columns, which
are collected in five design groups: two groups for beams and three
groups for columns. The compressive strength of concrete and
yield strength of steel are 20 MPa and 415 MPa, respectively. The
frame is loaded with the unfactored uniformly distributed load of
30 kN/m and the lateral force of 10 kN is applied at each story level.
The load combinations are not considered in this practical opti-
mum design problem. The unit costs of concrete, steel and form-
work are 735Rs./m3, 7.1Rs./kg and 54 Rs./m?, respectively as
given in [8]. The unit weight of concrete and steel is taken as
25 kN/m? and 78.5 kN/m?, respectively. The input data of the frame
is given in Table 5. In this design example, there are 29 design vari-
ables, 26 of which are beams (13 for each beam design group), the
remaining 3 is for columns. The Harmony search method parame-
ters HMS, HMCR, PAR are selected as 45, 0.80, and 0.15, respec-
tively. The cost of optimum design is obtained as 43586.19 Rs.
The optimum values for design variables obtained are given in
Table 6. The harmony search algorithm design history is shown
in Fig. 5. For this optimization problem, the minimum costs of opti-
mum designs are obtained as 26,052 Rs., 24,959 Rs., and 22,966 Rs.
by Rajeev and Krishnamoorthy [8], Camp et al. [9], Govindaraj,
respectively which are half of what is attained in this study. How-
ever, it should be noticed that in these studies, shear design of con-
crete members are not considered. Furthermore the frame is not
considered as Special Seismic Moment Frames and only simple
flexural constraints are used to obtain the optimum design. The
development lengths and hook lengths of reinforcement steel bars

Table 9
The optimum values of design variables for five-bay five-story RC frame (Case 2).

Optimum design results for five-bay five-storey frame

Optimum design results for five-bay five-storey frame

Design variables Column Column Column Design variables Column Column Column
Gr. 1 Gr. 2 Gr.3 Gr. 1 Gr.2 Gr.3
Optimum column design results Optimum column design results
Section number in design pool (29) (51) (117) Section number in design pool (29) (121) (117)
The height of section, h (mm) 300 350 300 The height of section, h (mm) 300 300 350
The height of section, b (mm) 550 600 750 The height of section, b (mm) 550 750 800
The diameter of reinforcement bars, ¢ (mm) 18 16 20 The diameter of reinforcement bars, ¢ (mm) 18 14 20
The number of bars in x dir., ny 3 6 5 The number of bars in x dir., n; 3 6 4
The number of bars in y dir., n, 1 3 1 The number of bars in y dir., n, 1 3 2
Total reinforcement 12418 22416 16420 Total reinforcement 12¢18 22914 16420
Design variables Beam Gr. 1 Design variables Beam Gr. 1
Optimum beam design results Optimum beam design results
X 25/60 (10) X1 25/60 (10)
X2 3412 (3) X2 2412 (1)
X3 2416 (4) X3 3412 (3)
X4 1414 (3) X4 1418 (6)
X5 4412 (12) Xs 1¢426 (16)
X6 1414 (3) X6 1¢18 (6)
X7 1912 (2) X7 1916 (4)
Xg 1414 (3) Xg 1418 (6)
Xo 6414 (29) Xq 5¢16 (31)
X10 1414 (3) X10 1918 (6)
X11 1912 (2) X11 1416 (4)
X12 1414 (3) X12 1418 (6)
X13 4412 (12) X13 1¢26 (16)
X14 NNR* (1) X14 NNR* (1)
X1s 142 (8) X15 2414(7)
X16 1¢16 (4) X16 1412 (2)
X17 NNR* (1) X17 NNR* (1)
X18 1916 (4) X18 1412 (2)
X19 1¢22 (10) X19 3412 (9)
X20 1¢16 (4) X20 1912 (2)
X21 1¢22 (10) X21 3412 (9)
X22 1416 (4) X22 1412 (2)
X23 NNR* (1) X23 NNR* (1)
X24 NNR* (1) X24 NNR* (1)
Xa5 1¢2 (8) X25 2414 (7)

NNR*, no need reinforcement, (n;), the sequence number of ith design variable in the
design variable pool.

NNR*, no need reinforcement, (n'), the sequence number of ith design variable in the
design variable pool.
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Fig. 9. The design history for five-bay five-storey RC plane frame (for Case 2).

Table 10
The details of material quantities and costs of the optimum designs for five-bay five-
story RC frame.

Components Case 1 Case 2
Concrete (m°) 31.125 33.878
Beam 14.085 13.785
Column 17.040 20.093
Steel (kg) 7463.120 7277.768
Beam 2762.0 27953
Column 4701.119 4482.458
Formwork (m?) 290.53 301.83
Beam 136.15 133.25
Column 154.38 168.580
Total cost ($) 17838.99 27159.44

in the concrete members and the other detailing issues are not
considered in the calculation of the frame cost. Obviously the cost
of optimum design found in this study is larger.

4.2. Five-bay five-story RC frame

The geometry and property group numbers of the five-bay five-
story RC frame with 55 members is shown in Fig. 6 and the loading
details is given Fig. 7. A frame has 25 beams and 30 columns, which
are collected in five design groups: two groups for beams and three

groups for columns. The compressive strength of concrete and yield
strength of steel are 30 MPa and 400 MPa, respectively. The frame is
loaded symmetrically and the loading details is given in Fig. 8. The
load combinations that are given in the ACI 318-05 are considered
in the optimum design. The seismic lateral forces are calculated
according to ASCE 7-05 for given conditions. The unit weight of con-
crete and steel is taken as 25 kN/m> and 78.5 kN/m?>, respectively.
The input data of the frame considered are given in Table 7. For this
example, the frame is considered as symmetrical and there are 18
design variables, 15 of which are beams, the remaining 3 is for col-
umns, in the optimum design problem. In this example, the exam-
ple frame is analyzed for two cases of the unit costs of materials.
The different unit costs are used to investigate the effect of unit
material costs on the optimum designs. The unit costs of concrete,
steel and formwork are taken 100 $/m> 1$/kg and 25 $/m?
respectively in the first case, and 110 $/m>, 2.1 $/kg and 27 $/m?,
respectively in the second case. The Harmony search method
parameters HMS, HMCR, PAR are selected as 40, 0.80, and 0.20,
respectively for the first case, and 50, 0.85, and 0.15 for the second
case. The minimum costs of optimum designs obtained for these
two different cases are found to be $17838.99, and $27159.44.
The quantities of concrete, formwork and steel obtained in these
two cases are given in Table 10. The optimum values of the design
variables in these two cases are listed in Tables 8 and 9. The design
histories of the harmony search algorithm in these two cases are
shown in Figs. 8 and 9.
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The optimum unit quantities of concrete, formwork and steel
obtained for two cases are given in Table 10. Optimum sections
for the given unit cost of concrete, steel and concrete are obtained
for both cases. In case two, due to the increased unit cost of steel,
the optimum sections are selected with less steel usage. Even
though there is a small increase in the amount of steel and a small
decrease in the amount of concrete for the beams, the amount of
steel is decreased and the amount of concrete is increased for the
columns. Since more steel is used in the columns in comparison
to the beams, the column and beam cross-section dimensions that
provide the optimum quantity of concrete, steel, and formwork are
impacted.

5. Conclusions

It is shown that the optimum design problem of reinforced con-
crete special seismic moment frames can be formulated according
to the provisions of ACI 318-05 and its solution can be obtained by
harmony search algorithm. The design algorithm developed do not
only considers the design code requirements but also architectural
and reinforcement detailing constraints such that once the opti-
mum design is attained the solution is ready for practical applica-
tion without need of any further process. The results obtained from
the design examples optimized clearly indicates that the harmony
search algorithm can efficiently be used in finding the optimum
detailed of reinforced concrete frames. The optimum design algo-
rithm arrives at rational and realistic design solutions that are
ready for construction without further process. It is noticed that
three main parameters of the harmony search algorithm namely,
harmony memory size HMS, harmony memory considering rate
HMCR, and the pitch adjustment rate PAR play an important role
on the optimum designs obtained. It is also noticed that in the
design example considered, the harmony search algorithm param-
eters, the high HMCR, especially from 0.70 to 0.95, the small PAR,
generally from 0.15 to 0.20, and HMS, from 40 to 60, yielded good
performance in the design optimization. Furthermore the unit
costs of concrete, steel, and formwork play an important role in
determining of the optimum column and beam section dimen-
sions. It is also shown that optimum design of reinforced concrete
frame without considering special seismic constraints yields
unsafe design.
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