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Abstract

Nowadays, reduction of greenhouse gases emissions from the construction industry is seriously under investigation. The aim of this
study is to investigate the various effective factors on the relationship between optimal cost and optimal carbon dioxide emissions of
the reinforced concrete structures with nonlinear structural behavior. A four-story reinforced concrete frame is designed for various
peak ground accelerations (PGAs) and all ductility classes according to Iran’s seismic resistant design-2800 code, as well as for different
concrete classes. The frames are optimally designed according to ACI 318-08 and FEMA codes. The results of optimal designs show
that the design of structures with medium and high ductility class produces less cost and CO, emissions than the low ductility class.
On the other hand, the relationship between cost and CO, emissions shows that in the low ductility class, increasing the percentage of
the optimal cost can greatly reduce the amount of CO, emissions. PGA design has a significant effect on reducing optimal cost and CO,
emissions. Especially in the low ductility class, reducing this parameter can greatly decrease the amount of the objective functions. Also,

the use of concrete with low class can reduce the cost and CO, emissions but the effect of this parameter in the objective is very small.
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1 Introduction

In the optimal design of structures, the objective is min-
imizing the consumed material while satisfying the con-
straints based on design codes. In most studies of steel
frames, minimizing the weight structures has been con-
sidered [1-3] also, in many researches on concrete frames,
the aim is to minimize the material costs [4-9]. On the
other hand, nowadays reduction of greenhouse gas has
become a major global challenge. On average, 40 % of the
total global energy consumption are from the construc-
tion industry. This energy consumption of the building has
increased greenhouse gases. Reinforced concrete build-
ings contribute to the environmental impact due to CO,
emissions during the production of cement and reinforc-
ing steel. Many studies have examined strategies to reduce
CO, emissions in the design of concrete buildings. Some
studies have suggested the use of new materials such as
low-carbon concrete [10, 11]. In other studies, optimi-
zation techniques are used to minimize CO, emissions
during structural design. Due to the fact that RC structures

are composed of two heterogeneous materials, concrete
and steel, and these materials produce different amounts
of carbon dioxide, so the problem has a good potential
in the optimization method. Eleftheriadis et al. [12] pre-
sented a method for optimizing the cost and CO, emissions
in reinforced concrete buildings based on BIM. In which
the multilevel engineering analysis model has been used
to optimize the structures, including 1) structural layout,
2) the size of slab and columns, 3) the bars of columns and
slab. Yoon et al. [13] have described a process for optimiz-
ing the embodied energy, CO, emissions and the cost of
reinforced concrete columns. Therefore, a short reinforced
concrete column with a square cross section under differ-
ent axial and bending loads was investigated. Their study
showed that in general, the objective function of cost can
be reduced by reducing the amount of steel. But the objec-
tive function of CO, emissions can be effectively reduced
by reducing the amount of concrete. Compared to the cost
and CO, emission, embodied energy is affected by both the
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amount of concrete and steel reinforcement. de Medeiros
et al. [14] used a harmony search algorithm to minimize
the monetary and environmental costs of the rectangu-
lar reinforced concrete columns, subjected to compres-
sive and flexural pressures. In addition to material costs,
environmental impacts such as carbon dioxide emissions,
global warming potential (GWP), energy consumption,
and environmental scoring units, known as the Eco Index,
have also been investigated. Park et al. [15]examined the
effects of design factors (concrete strength, steel rein-
forcement strength, cross-section size, and amount of steel
reinforcement) on CO, emissions and cost of the RC col-
umn and showed that increasing the strength and amount
of steel reinforcements is effective for sustainable design.
Increasing the strength and amount of the concrete is effec-
tive for economical design. Camp et al. [16] are optimally
designed the RC frame with the aim of minimizing cost
and CO, emissions using a big bang-big crunch algorithm.
They showed that by increasing the small amount of opti-
mal cost, optimal carbon dioxide emissions can be reduced.
Paya-Zaforteza et al. [17] used the simulated annealing
(SA) algorithm to minimize embedded CO, emissions and
the economic cost of RC frame. Kaveh et al. [18] investi-
gated the trade-offs between optimal cost and optimal CO,
emissions of the reinforced concrete frames with three
metaheuristic algorithms. In another study, they extended
their studies to optimal design of RC frames with non-pris-
matic beams [19]. In addition, Kaveh and Ardalani [20]
developed a computational procedure to obtained pareto
results of the objective function of cost and CO, emis-
sions by using NSECBO algorithm. Park et al. [21] devel-
oped an integrated analysis model for minimizing of car-
bon dioxide emissions, seismic performance, and costs of
RC frames through performance-based optimal seismic
design. Mergos [22] has identified efficient design methods
that minimize the environmental impact of seismic resis-
tant frames. In which a three-story two-span RC frame is
optimally designed for all ductility classes according EC8
and for various design peak ground accelerations (PGAs),
concrete classes and material embodied CO, footprint
scenarios. He used equivalent static linear analysis to cal-
culate the seismic response of the frame and used the
genetic algorithm for design of frame. In his work the
dimensions of beams, columns and steel reinforcement
were considered as variables.

A review of the literature shows that only a limited
number of studies have been conducted on the trade-
offs between optimal cost and optimal carbon dioxide in

seismic design of reinforced concrete structures, where
nonlinear analysis being used for the analysis of the struc-
tures. In this study, a four-story two-span reinforced con-
crete frame is designed for all ductility classes and various
peak ground accelerations according Iran's seismic resis-
tant design-2800 code [23], various concrete classes. Here,
ECBO algorithm is used for optimal design. The relation-
ship between cost and carbon dioxide emissions is investi-
gated in optimal designs. Nonlinear static analysis is used
to analyze the structure. In which, the seismic responses
of the structure are obtained under linear static analy-
sis and serviceability constraints are controlled, then the
structure is modeled with nonlinear behavior and ana-
lyzed under nonlinear static analysis, and finally the per-
formance limit states are controlled.

2 Formulation of optimal design

The procedure used for performance based optimal seis-
mic design as well as the constraints associated with this
design are adopted from the previous papers of the authors.

2.1 Performance-based optimum seismic design
(PBOSD)

The procedure of PBOSD for problem is formulated as
Eq. (1). Linear equivalent static analysis is performed for
structures and the serviceability constraints are checked
according ACI 318-08 code [24]. Then, nonlinear static
analysis are performed according to FEMA-273 [25]and
the maximum inter-story drift are checked.

min f(x)
g‘fERV j=1...,m
PBD , ey
g j=1...
xF<x<a?

The load combinations Eq. (2) according to the
ACI 318-08 code, are used for equivalent static analysis.
Where, D is the dead load and L is the live load. The live
and dead loads are considered as 10.7 kN/m and 22.3 kN/m,
respectively. Seismic lateral load () is calculated accord-
ing 2800 code for all ductility classes and various PGA.

1.2D+1.6L
v 112D+ L+1.4E ®)
0.9D+1.4E

In nonlinear static analysis the combination of gravity
load according to FEMA-273 Eq. (3) and lateral load based
with load pattern first mode are used. The gravity load is



applied constantly, and lateral load is applied incremen-
tally until the displacement of the roof either reaches to
target displacement or mathematical instability occurs.
According to FEMA-356 [26] the target displacement is
calculated as Eq. (4).

P =1.1(D+L) (3)
Te?

St = Coclczcys*a“—2 g )
T

Where the C is the modification factor for relating the
spectral displacement of a single degree of freedom to
the roof of a multi degree of freedom. C, is the modifi-
cation factor for converting the calculated displacements
from the linear elastic response to the expected maximum
inelastic displacements. C, is the modification factor to
represent the effect of hysteresis shape on the maximum
displacement response. The value of this coefficient is
determined according to structural performance level, the
type of frame and the period of the structure. The C, is
the modification factor to account for the increase in dis-
placement due to the dynamic effects of P-Delta. 7| is the
effective fundamental period. S, is the spectral response
acceleration vs structural period domain, and it is calcu-
lated as follows:

Sxs T
—=110.4+3 for 0<7T <0.2T,
( By j( /To) ’

s, =151 for 027, <T<T,, ©)
BS
(Sx. /(BT)) for T>T,

where T is the elastic fundamental period of the structure
that is obtained here from modal analysis of the structure.

T, is given by Eq. (6), where B¢ and B, in accordance
with Table 2-15 of the FEMA 273 are assumed as 1.

Ty =(Sy1/Bs)/(Sys /By (6)

where S, ¢ is the design short- period spectral response accel-
eration parameter and S,, is the design spectral response
acceleration parameter at one second that are expressed as:

Sxs = F,Ss» 7
Sy, =F,S,. @®)

Here F, and F are site coefficients determined from
FEMA-273, and the values of the response acceleration
parameters S and S, obtained from Table 1 [27].
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Table 1 The site parameters in the performance levels [27]
Hazard level S, (2 S, () F, F, T,
10 %/50-years 1.587 0.560 1.00 1.50 0.529

The computational automatic procedure for perfor-
mance-based optimal seismic design are shown in Fig. 1.

¥

Construct the database for beams and columns

¥

Check the constraints in databases that do not require the
structural analysis

¥

Update the databases

¥

Assign parameters used in the algorithms

b4
Initialize a population for the algorithm randomly from
the database

Perform equivalent static linear analysis using load
combinations

Are the serviceability constrain
satisfied?

Initialize a new population by
the optimization algorithm
from the discrete database

5

Calculate the target displacement

Perform nonlinear static analysis using lateral load and
constant gravity load

Calculate the ultimate limit-state constraints

Calculate penalized cost function j—

atisfy the termination
criteria?

Fig. 1 The procedure of the PBOSD by the algorithms
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2.2 Design variables and specifying database for
sections

The design variables during the optimization process con-
sist of the depth and width of the cross-section of columns
and depth of beam elements, diameter of longitudinal
bars, and number of bars. The bounds of the variables are
shown in Table 2.

The variables are formulated in discrete form and two
section databases for beams and columns are created.
The ratio of depth to width of beam sections is varied
between 1 and 3. In order to evaluate the flexural response
of beams, the moment resisting capacity is calculated as
Eq. (9) and saved in database:

M, = Asfy<d—§>, ©)

where A_ is the total area of tensile reinforcing bars, f} s
the yield strength of bars, d is the distance from the edge
of the section to the centroid of tension reinforcing bars,
and a is the depth of the equivalent rectangular stress
block defined as:

_ AL

0.85(b (10)

Here, /" is the compressive strength of the concrete and
b is the width of the cross sections.

For column sections, in addition to variables, the param-
eters related to the P-M interaction diagram, as show in
Fig. 2, are calculated according to the ACI code and saved
in database. In the sections the rebars are distributed in
all faces according of patterns shown in Fig. 3. The rebars
are symmetric about the axis of bending and are the same
size in each section. The total area for the P-M interaction
diagram of the sections is calculated, and the sections are
stored in their ascending order.

2.3 Objective functions

In this work, the aim of optimization is to minimize the
construction cost and the amount of CO, emissions, as
expressed by Eq. (11). In which n, and n_ are the number
of beams and columns, respectively; b,, /,, and 4 ; and L,
are the width, depth of the sections, area of the bars, and
the length of the beams and columns, respectively; 7, is
the thickness of the slab that is considered to be 290 mm.
c.c,c y and C, are the unit rate of concrete, bars, form
work, and scaffolding, respectively and their values are
shown in Table 3. The parameter y_is unit weight of steel
as 7849 kg/m’.In the objective function of CO, emission,
scaffolding is not considered.

Table 2 Parameters of the search space

Width Depth Number Bar

(mm) (mm) of bars size
Min 250 250 4 3
Column Max 1200 1200 12 11
Increment 50 50 2 1
Min 350 350 2 3
Beam Max 350 1050 5 11
Increment 50 1 1

L
Pp ./ Maxtmum Axial Compression

Fo e Compression Controlled Region

/ B(My, Py)

Balanced Strain Condition

= (Mp, Py}

Tension Controlied Region

.

My My

Fig. 2 Column load-moment interaction diagram

Fig. 3 Column reinforcement layouts
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i=1
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2.4 Design constraints

According to design codes, serviceability and ultimate
limit states structural constraint should be checked during
the design process. Equivalent static analysis performed
for structures and the serviceability constraints are
checked according ACI code, then ultimate limit states
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Table 3 Unit prices and CO, emissions [16]

o . Cost (€) CO, (kg)
Description unit
Beam Column Beam Column

Steel B-500 kg 1.3 1.3 3.01 3.01

Concrete (40 MPa) m? 105.93 105.17 143.77 143.77

Concrete (25 MPa) m? 78.4 77.8 132.88 132.88

Form work m? 25.05 22775 3.13 8.9

Scaffolding m? 38.89 - -
constraints that are related to the maximum inter-story a—d 17

. . 85 = : a7

drift checked under pushover analysis in the performance d

level according FEMA code. In Eq. (12) the parameters g,
x and n are the penalty of the ith constraint, elements and
number of constraints, respectively. Furthermore fp is the
penalized objective function, f'is the value of the objective
function. In this study £ is considered as 1.5.

/y (x):fx(1+zn:max(0,gi (x)))k (12)

i=l

2.4.1 Serviceability constraint

Constraints of the beams

For evaluating the moment capacity of the reinforced con-
crete beams, penalty function is calculated as Eq. (13).
This restraint should be individually checked in areas that
the positive and negative bending moment is maximum.

~ |M,|-2M,

g1 = @Mn H (13)

where M is the applied ultimate bending moment under
applied loading, < is the strength reduction factor which
is equal to 0.9. M is the nominal bending moment capac-
ity of the RC beams that is defined by Eq. (9).

According of ACI code, the ratio of minimum and max-
imum reinforcement of the beam sections are limited. The
penalty of this constraints are as follows:

'

By

¢ 4
Pmin = z—, 82 = Puin =P - (14)
af, S, 7
1. 600
Pmax :0'85B1_—a 83 =P~ Pmax - (15)
7, 600+,

In order to control the deflection of the beams, the fol-
lowing penalty is considered in this study.

L h,.,—h
J—— = Dmin — " 16
min 21 84 hm,',,, ( )
In the section of beams, if the effective depth () is less
than the height of the compressive stress-block (a), the

penalty will be defined as:

The minimum distance between bars are limited, where
the penalty of this constraint is defined as:
g6 = Smin —S ,

Smin

Spin = max(db,l inch) . (18)

Constraint of columns

When the combination of (M, P ) under the applied loads
falls inside the interaction P-M diagram, a column sec-
tions is suitable. The penalty function for the capacity of
the column can be expressed as:

g =+-1. (19)
ly

Based on Fig. 2, [ is the distance between the origin of
the interaction diagram (O) and the point indicating the
position of combination (M, P)) (B), and is the radial dis-
tance between the origin of the interaction diagram (O)
and the point (4) indicates the intersection point of the
vector [ with the interaction curve.

The total area of bars (4)) in the cross-section of rein-
forced concrete column is limited between 1 % and 8 % of
the gross section (Ag). The penalty of minimum and maxi-
mum reinforcement for the columns is expressed as:

O.leAg
gy=—£-1<0, 20)
A
=—— 35 _1<0. 21
Es 0.08x A, @h

The function penalty defined for the distance between
longitudinal bars is defined as:

go=-mn2 o —max(1.5d,, 15 inch)  (22)
N

min

The dimensions of columns in each story should be
smaller or equal than the dimensions of columns in bot-
tom story, so the constraints are expressed as follow:
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b (23)
&n by
gn=C 1 24
B

where B and T represent the bottom column and the top
column, b and /4 are the width and depth of the column
cross section, respectively.

2.4.2 Ultimate limit-state constraint

Lateral drift is an important indicator for measuring the
damage in structures and should be controlled in seismic
design [28]. Performance-based constraint are expressed
as lateral drift at the performance level as follows:

LS

813 = GZ?C -1, (25)

allow

where 6% are maximum inter-story drift of the frame and
0L are allowable drifts that are chosen 2 % according

to FEMA-273.

2.5 Structural analysis model

Linear static analysis and nonlinear static analysis of
the structures are performed in the finite element soft-
ware OpenSees [29] and the response of the elements
are obtained. The limitations of the ACI 318-08 code,
FEMA and the optimization algorithm are handled in
MATLAB [30] software. In linear static analysis, the
beams and columns are modeled with elastic beam-
column element and in nonlinear static analysis nonlin-
ear beam column-element with distributed plasticity are
used to model of beams and columns. Nonlinear concrete
and steel material properties are provided in Table 4. As it
1s mentioned in Table 4, the effects of confinement and
unconfined parts of the fiber section are imposed in the
definition of concrete properties. Also, the P-Delta effects

are considered as a geometric transformation. Thus, both
material and geometry nonlinearity are considered.

3 Optimization algorithm
The Colliding Bodies Optimization (CBO) algorithm
was developed by Kaveh and Mahdavi [31]. This algo-
rithm is inspired by the laws of momentum and energy
of the physics. To obtain reliable solutions and fast con-
vergence, Kaveh and Ilchi Ghazaan [32] has been devel-
oped the enhanced colliding bodies optimization (ECBO)
algorithm. A comparative study of these algorithms can be
found in Kaveh and Ilchi Ghazaan [33]. The procedure of
the ECBO algorithm can be expressed as:

Step I: Initial position of each colliding bodies is ran-
domly obtained in the search space as follows:

i=1,2,...n, 6)

0 _
Xi = Xin +rand(xmwc _xmin)’

and x

max min

where x is the initial position of the ith CB, x
are the minimum and the maximum allowable values of
variables, respectively. The rand parameter is a random
value in the range [0, 1] and 7 is the number of CB.

Step 2: In the next step, the mass of each object is deter-
mined as follows:

k=12,..n, 7

TR
2 (i)

where fit(i) represents the objective function value of the
ith colliding body and 7 is the number of populations.

Step 3: Colliding Memory (CM) is utilized to save
a number of historically best CB vectors and their related
mass and objective function values. Solution vectors
which are saved in CM are added to the population and the
same number of current worst CBs are deleted.

Table 4 The properties of materials

Concrete (uniaxial material concrete01)

Material type 1. (MPa) £, £, (MPa) £,
Core concrete of beams (confined) 44 0.00296 15.3 0.0148
Concrete (40 MPa) Core concrete of columns (confined) 48 0.0032 16.8 0.048
Cover concrete (unconfined) 40 0.0025 14 0.0055
Core concrete of beams (confined) 27.5 0.0025 9.6 0.011
Concrete (25 MPa) Core concrete of columns (confined) 30 0.0025 10.5 0.038
Cover concrete (unconfined) 25 0.0025 8.75 0.0055
Steel (Uniaxial Material Steel01)
Material type f.' (MPa) E, b
Reinforcing steel 500 2e5 0.01




Step 4: Objects are arranged in descending order and
are divided into two equal groups of stationary and mov-
ing objects. To improve the position of moving objects and
move stationary objects toward a better position, the mov-
ing object moves toward a stationary object and a collision
occurs, Fig. 4.

Step 5: The velocity of stationary objects before colli-
sion is zero and the velocity of moving objects before col-
lision is calculated as follows:

28)

i=241,n (29)
5 Fhes

Step 6: After the collision of the moving and stationary

objects, velocity of the objects is calculated as follows:
Stationary objects:

v = 22 =127 (30)
m; +m 2
i+—
Moving objects:
[mi —am_ n ]Vi
, Y on
Vv, =————"— i=—+L...,n. 3D
m;+m 2
2
Coefficient of Restitution (¢) is defined as:
iter
folo- (32)
iter,, ..

Step 7: Using the generated velocities after the collision
and their old position, the new positions of the objects for
both groups are updated as follows:

The new position of moving object:

X' =x n+rand°v;, i:g+l,§+2,....,n. (33)

1 .
j—

2

In which x/" is the new position of the ith CBs and rand
is a random vector uniformly distribution in the range
(1, 1). v/is the velocity of ith CB after collision. The sign
"°" denotes an element-by-element multiplication.

The new position of stationary object:

X =x , +rand°v,,

1
—

=21, 20, 0. (34)
’ 2 2

Step 8: The Pro parameter is compared with the random
number rn (i = 1, 2..., n), If Pro > rn,, a CB is randomly
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selected from both moving and stationary groups and one
related component regenerate.

Step 9: Return to Step 2 until terminating criterion is
satisfied.

Further explanations on CBO and ECBO and other
applications can be found in Kaveh [34, 35] and Kaveh
and Bakhshpoori [36].

4 Numerical example

A four-story reinforced concrete frame is considered to
investigate the main aim of this paper. The height of each
story is 3 meters and the length of each span is 10 meters.
The geometry and grouping of members are shown in
Fig. 5. The frame consists of 8 column groups and 4 groups
of beams. The procedure described in Section 2 for per-
formance-based optimum seismic design, is used to min-
imize the cost and carbon dioxide emissions. The frame
optimally designed for three ductility classes (high duc-
tility DCH, medium DCM and low DCL), for two vari-
ous PGA (0.2 g, 0.35 g) and concrete classes (f, =25 MPa,
/. = 40 MPa). According to the Iranian seismic resistant
design-2800 code, the behavior factor for the high to low
classes of ductility is 7.5, 5 and 3 respectively. In all cases,
the yield strength of reinforcing steels is 500 MPa. It should
be noted that the addition of transverse reinforcement to
achieve higher ductility capacity for high and medium
ductility classes does not significantly increase the CO,
emissions and the optimal cost. This is due to their lower
contribution in the cost and total CO, emissions [22].
Therefore, in this study, only the effect of behavior fac-
tor R has been investigated for all ductility classes. In the
following, the evaluation of design factors and results of
their optimally designs are given comparatively.

Pairs of object
A

o=o

The moving CBs

The stationary CBs

Fig. 4 The pairs of objects for collision
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.|
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I | e
o
E
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/.|
C1 iC2 Cl
10m 10 m e T

Fig. 5 Geometry and grouping of the elements for the considered RC frame

4.1 Ductility classes and the relationship between
optimal cost and optimal CO, emissions

Case I In this case the frame is optimally designed for the
low, medium and high ductility classes. Where the PGA is
0.35 g and compression strength of concrete (f) is 40 MPa.
Fig. 6 shows the amount of optimal cost and optimal carbon
dioxide emissions. With increasing levels of ductility from
DCL to DCM, the cost and CO, emissions reduce 10 % and
11 % respectively. But the reduction of cost and CO, emis-
sions from DCM to DCH is 5.3 % and 5.2 % respectively.
Fig. 7 shows the convergence curve for the lowest cost and
lowest CO, emissions. Fig. 8 also shows the relationship
between optimal cost and optimal carbon dioxide emis-
sions. At the DCL ductility level, when the objective func-
tion is to minimize carbon dioxide emissions, increasing
the optimal cost can significantly reduce CO, emissions,
but at the DCH and DCM levels to reduce CO,, the increase
of cost is significant.

Case II: In this case, the methodologies of seismic design
are the same as the frame in Case I, with the difference that
in this case, concrete with a compressive strength of 25
MPa has been used. Fig. 9 shows the amount of optimal
cost and optimal carbon dioxide emissions. With increas-
ing the levels of ductility from DCL to DCM, there will
be a significant reduction in the cost and carbon dioxide
emissions, but this reduction is smaller than DCM to DCH.
Fig. 10 shows the convergence curves for the lowest cost
and lowest CO, emissions. Fig. 11 also shows the relation-
ship between optimal cost and optimal carbon dioxide
emissions. In this case, as in the Case I, at the DCL duc-
tility level, when the objective function is to minimize the
carbon dioxide emissions, increasing the optimal cost can
significantly reduce CO, emissions, but at the DCH and
DCM levels to reduce CO,, the increase of cost is high.

a) PGA=0.35g, fc=40 MPa
12067 maDCL ®DCM =mDCH

°

=
=
e 10816

o
@]

10241
Ductility classes
b) PGA=0.35g, fc=40 MPa
EDCL ®DCM =DCH
13805

)

S

=}

.S

2

E

o

S

&

12239
11598

Ductility classes

Fig. 6 Optimal solutions of the frame for different ductility classes in
the Case [; a) Optimum cost; b) Optimum CO, emissions



Fig. 7 Convergence curves of the frame for the Case I; a) for lowest

Difference between cost and CO, %
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cost; b) for the lowest CO, emission

M cost-DCL CO2-DCL M cost-DCM

HCO2-DCM B cost-DCH B CO2-DCH
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45

Ductility classes

Fig. 8 Relationship between the minimum cost and minimum CO,

emissions of the frame in the Case [
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a) PGA=0.35g, fc=25 MPa
aDCL mDCM mDCH
11460

R
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b) PGA=0.35g, fc=25 MPa
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)
&
=
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2
g
)
)
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Ductility classes

Fig. 9 Optimal solutions of the frame for different ductility classes in
the Case 1I; a) Optimum cost; b) Optimum CO2 emissions

Case III: In this case, the frame is optimally designed
for all three classes of ductility. In all cases, the PGA is
0.2 g and the compressive strength of concrete is 25 MPa.
Fig. 12 and Fig. 13 show that by increasing the levels of
ductility from DCL to DCM, the cost and carbon dioxide
emissions can be reduced, however the result of the DCM
is almost same as the result of DCH. In Fig. 14, the rela-
tionships between optimal cost and optimal carbon diox-
ide emissions are shown.

4.2 Concrete class

In this section, the effect of compression strength of con-
crete on the optimal cost and optimal CO, emissions in
different ductility classes are evaluated. Fig. 15 shows the
comparative result of frame in Case [ and Case II, where the
compression strength of concrete is 40 MPa and 25 MPa,
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Fig. 10 Convergence curves of the frame in the Case II; a) for lowest
cost; b) for the lowest CO, emission

respectively. It can be concluded that the use of concrete
with high compression strength, increases the capacity
of the members of the structure, however, the amount of
optimal cost and optimal CO, emissions in these types of
structures is more. It should be noted that according to
Table 3, higher concrete class produces higher costs and
CO, emissions than lower concrete class.

4.3 Peak Ground Acceleration

In this section, the effect of PGA design on the optimal
cost and optimal CO, emissions in the three ductility
classes are evaluated. The comparative results of the solu-
tions in case II and case III that are obtained for two seis-
mic levels of PGA: 0.35 g, 0.2 g are given in Fig. 16. It is

M cost-DCL CO2-DCL M cost-DCM

m CO2-DCM M cost-DCH m CO2-DCH
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Difference between cost and CO,
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-6.0
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Ductility classes

Fig. 11 Relationship between minimum cost and minimum CO,

emissions of frame in in the Case I1

concluded that by reducing the PGA design, the optimal
cost and optimal carbon dioxide emissions can be reduced,
which has a significant effect on the low ductility level.

5 Conclusions

The construction industry has a remarkable contribution
in the production of greenhouse gases. Researchers have
used the methods to reduce the CO, emissions from con-
struction. One of these methods is the use of optimiza-
tion methods in structural design stage. In limited studies
of optimization, nonlinear analysis is used for structural
analysis and controlling the ultimate limit states constraint.
In this study, under nonlinear structural analysis, the effect
of design factors on the relationship between optimal cost
and carbon dioxide emission of the RC frames is studied
and the important parameters in minimizing CO, emissions
are identified. The parameters are different classes of duc-
tility, peak ground accelerations and different types of con-
crete class. Nonlinear static analysis (pushover) has been
used for structural analysis. In addition to controlling ser-
viceability constraints under equivalent static linear anal-
ysis, inter-story drift constraints are also controlled under
nonlinear static analysis. The frames are optimally designed
according to the ACI 318-08 and FEMA codes. Here the
aim of the optimization was to minimize economic costs
and CO, emissions. The ECBO algorithm has been used to
obtain optimal solutions. It is concluded that by changing
the design methodology from DCL to DCM, the amount of
optimal cost and optimal CO, emissions can be decreased
significantly, but the difference of the optimal results from
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Fig. 12 Optimal solutions of frame for the different ductility classes in

the Case I1I; a) Optimum cost; b) Optimum CO, emissions

DCM to DCH are small. Meanwhile, the relationship
between optimal objects shows that in the low ductility
class, with increasing the percentage of optimal cost can
be greatly reduced the carbon dioxide emissions. But in the
high and medium ductility class, a large percentage of the
cost must be increased to reduce CO,. Although the use of
high concrete class increases the capacity of the structure, it
also slightly increases the cost and optimal value of the CO,
emissions. This is due to the higher unit cost and CO, emis-
sions. The design of structures in low seismic areas pro-
duces lower costs and CO, emissions. In other words, by
reducing the PGA design, the optimal cost and optimal car-
bon dioxide emissions can be reduced, which has a signifi-
cant effect on the possibility of choosing low ductility level.
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