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Abstract

This paper describes a methodology for optimal seismic design of reinforced concrete 3D columns and bent caps (beams) of bridges.

Design variables include compressive strength of concrete, geometry, as well as longitudinal and shear reinforcement of columns

and beams. The optimization is performed to minimize the cost and CO, emissions using the enhanced colliding bodies optimization

(ECBO) algorithm. The trade-off between cost and CO, emissions shows that in the design for minimizing CO, emissions compared to

the design based on the cost minimization, increasing 1.4 % in cost can decrease CO, emissions by 6.1%.
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1 Introduction

Engineers attempt to design structures which are econom-
ical and sufficiently resistant to natural hazards, while the
final design obtained by the trial-and-error approach is not
sufficient to meet economic and safety criteria simultane-
ously. Therefore, recently, studies have been conducted on
the optimal design of bridges with the objective of min-
imizing the cost. Marti et al. [1] optimally designed the
prestressed concrete precast road bridges with double
U-shaped cross-section. They employed hybrid simulated
annealing algorithm to minimize the cost. Srinivas and
Ramanjaneyulu [2] optimized the cost of T-girder bridge
deck by using genetic algorithms (GA) and artificial neu-
ral networks. Kaveh et al. [3] utilized three metaheuristics
algorithm including Colliding Bodies Optimization (CBO),
Modified Colliding Bodies Optimization (MCBO), and
Particle Swarm Optimization (PSO) to optimize the cost of
post-tensioned concrete box girder of single span bridges.
Pedro et al. [4] used a two-stage optimization approach to
minimize the material costs of the steel-concrete compos-
ite [-girder bridges. Yepes et al. [5] optimally designed the
post-tensioned concrete box-girder pedestrian deck to min-
imize the economic cost. Penadés-Pla et al. [6] employed
a robust design optimization method to design a continu-
ous prestressed concrete box girder pedestrian bridge.

On the other hand, reduction of Greenhouse Gases
(GHGs) is a major global challenge. Construction indus-
try has a remarkable contribution on GHG, and carbon
dioxide (CO,) is a major part of it. Studies have employed
the strategies to reduce the CO, emissions from the rein-
forced concrete (RC) structure, one of which is the use
of optimization techniques during the design phase of RC
frames [7-12]. Studies have been conducted to reduce CO,
emissions on bridges. Yepes et al. [13] developed a method
to optimally design the precast—prestressed bridges with
a double U-shape cross-section, where the objective func-
tions minimized the cost and CO, emissions. Garcia-
Segura et al. [14] minimized the cost and CO, emission
of the post-tensioned concrete box-girder pedestrian
bridges with hybrid harmony search algorithms. Garcia-
Segura and Yepes [15] employed a multi-objective har-
mony search algorithm to reduce CO, emissions, cost,
and overall safety factor of post-tensioned concrete road
bridges. In the reviewed studies, the optimal design of the
superstructures of bridge was considered. Meanwhile, the
piers made up 20—-50% of the total cost of the bridges [16].
Martinez et al. [16] developed a methodology to optimize
the cost of RC bridge piers with hollow rectangular sec-
tions and constant cross-sections. In their process, they
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used the ant colony optimization algorithm (ACO), GA,
and threshold acceptance algorithm. In another study,
Martinez et al. [17] employed the ACO algorithm to opti-
mally design RC tall bridge piers with hollow rectangular
sections, in which the dimensions of the piers varied along
their length. Fazli and Pakbaz [18] presented the optimiza-
tion framework for performance-based seismic design of
bridges consisting of multi-column RC pier substructures.

A review of the literature showed that no study has been
conducted on the optimal design of RC columns and bent
caps (beams) of bridge with the objective of minimizing
CO, emissions. Therefore, the aim of this study is to pres-
ent a methodology for the optimal design of 3D columns
and bent caps of bridges with the objective of minimiz-
ing cost and CO, emissions and investigating the tradeoff
between optimal cost and optimal CO, emission for them.

After this introduction, a brief explanation of the algo-
rithm used in this paper is presented in Section 2. The
formulation of optimal design is presented in Section 3.
Numerical example and the results are studied in Section 4.
Finally, conclusions are presented in Section 5.

2 Optimization algorithm

In this study, an advanced version of the CBO [19] known
as the ECBO algorithm [20] is used to optimize the prob-
lem. In the previous studies the authors [9, 11, 21] have
compared the performance of the algorithms such as VPS,
PSO, CBO and ECBO, concluding that ECBO has better
performance for the present problem, and therefore in this
study ECBO is employed as the optimization tool. This
algorithm is also presented and discussed in the com-
prehensive book on many metaheuristic algorithms [22].
The CBO and ECBO algorithms are based on the physi-
cal laws governing the collision between objects, where
the momentum before the collision is equal to the sum of
the momentum after the collision. In order to escape from
local optima and increase the convergence speed of the
CBO algorithm, the ECBO algorithm uses memory to save
a number of historically best Colliding Bodies (CBs) and
also utilizes the Pro parameters. Using Pro parameter, one
component of the ith CB will be regenerated randomly in
each iteration.

For completeness the procedure of this algorithm is
described in the following and its pseudo code is provided
in Algorithm 1 [23].

Step 1: The initial position of each collision bodies is
determined randomly in the research space according to
the following equation:

Algorithm 1 Pseudo-code for ECBO algorithm

Initialize the parameters of algorithm
Initial positions are selected randomly
The objective function and masses of the objects are calculated
while terminating criterion is not fulfilled
Colliding memory and population are updated
The pairs of moving and stationary groups are created
for each CBs
The velocity of pairs before the collision are calculated
according Eq. (3)
The velocity of pairs after the collision are calculated
according Eq. (4) or Eq. (5)
The position of CBs is updated according Eq. (7) or Eq. (8)
If rand i < pro
One dimension of the ith CB is selected randomly and
regenerate
end
end
end

0 .
Xi :xmin+rand(xmax_xmin), i=L2,..,n, M

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

Step 2: The mass of each CB is calculated as:

1
fit (i)

-~ 1
ZH fit(j)

Where fit(i) is the value of the objective function for

m; = ,i=12,...,n, 2

CBs and n is the population size.

Step 3: In order to save a number of historically best
CB vectors and their related mass and objective function
values, a Colliding Memory (CM) is utilized. The solu-
tion vectors that are saved in CM are added to the pop-
ulation and the same number of current worst CBs are
deleted. Finally, CBs are sorted according to their mass in
a decreasing order.

Step 4: CBs are divided into two equal groups so-called
(1) stationary and (ii) moving objects. Moving objects col-
lide with stationary objects to improve their positions and
push stationary objects toward better positions.

Step 5: Before collision, the velocity of moving objects
is calculated as:

n
— X, l.:7+1,...,n, 3
5 ©)

Step 6: The velocity of the CBs after the collision in
each group is obtained as follows:
Stationary objects:
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Moving objects:
[m, —em_, Jv,-
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Vy=————, i=—+1,...,n. ®)]
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The coefficient of restitution (¢) is defined as:
iter
e=1—- ©)
1rerax

Step 7: The new positions of the objects by using the
generated velocities after the collision and their old posi-
tion are updated as follows:

a) The new position of moving object:

X' =x , +rand®v,, i=£+1,2+2,....,n. ©)

i— 2 2

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

b) The new position of stationary object:

, . n . n
"W —x  +rand®v, i=—+1,—4+2,...,n, 8)
1 . n 1 2 2

j—

X,

Where x"" is the new position of the ith CBs, x, , is old
position of ith stationary CB and v," is the velocity after the
collision of the ith stationary CB.

Step 8: The Pro parameter is compared with the ran-
dom number rn, (i =1, 2,..., n). If Pro>rn, a CB is selected
from both moving and stationary groups, and a component
of it is randomly regenerated.

Step 9: The process of optimization repeated from
Step 2, until terminating criterion is satisfied.

3 Formulation of design

3.1 Loading

The loading of bridge includes dead loads, live loads, and
earthquake loads. The bridge is analyzed under response
spectrum analysis (RSA). Dead loads include the weight
of girders and slabs as well as weight of the asphalt. The
weight per unit volume of concrete is 2.5 ton/m* and the
weight per unit volume of asphalt is 2.2 ton/m?. The thick-
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ness of the asphalt is 5 cm. According to Articles 3.7 from
AASHTO 2002 [24], H20-44 and HS20-44 are considered
as live loads. These loads are placed in 3.6 m traffic lanes.
The width of the deck is 9.2 m.

The effect of seismic forces in the longitudinal and
transverse directions of the bridge is determined by using
the elastic RSA method, where the peak ground acceler-
ation is assumed to be high intensity and the type of soil
is I1. In this study, the standard design spectrum of Tehran,
Iran, (Fig. 1) is used and scaled by considering the impor-
tance classification (IC), response modifications factor (R)
of bridge, the acceleration coefficient (A) of site, assumed
as A =0.35, IC = 1, and R = 3 in the longitudinal direction
and R =5 in the transverse direction. In determining the
axial and shear forces of the columns, coefficient R must
be considered equal to one.

The combination of loads considered for the analysis of
bridge is as follows:

{EQXCOL =DL+0.5LL+ EQX +0.3EQY ©

EQYCOL = DL +0.5LL + EQY +0.3EQX

where DL is dead load, LL is live load, and EQ is earth-
quake loads which are applied according to RSA method.

3.2 Design variables

The variables of beams include compressive strength of
concrete (f7,), depth of cross section (4,), width of cross
section (b,), number of longitudinal bars (n,), dimeter
of longitudinal bars (d,,), number of shear bars (nsv,),
space of shear bars (sv,) and also the variables of columns
include, compressive strength of concrete (f), depth of
cross section (4 ), width of cross section (b,), number of
longitudinal bars along 3-dir face (n,,), number of longi-
tudinal bars along 2-dir face (n,,), dimeter of longitudinal
bars (d, ), number of shear bars along 3-dir face (nsv ,),

Response spectrum

T (sec)
Fig. 1 Standard design spectrum of Tehran
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number of shear bars along 2-dir face (nsv,), space of
shear bars (sv ), number of shear bars along 3-dir face in
plastic region (nspv ), number of shear bars along 2-dir
face in plastic region (nspv ,), space of shear bars in plas-
tic region (spv ). The search space of variables is shown
in Table 1.

3.3 Objective functions

The objective of optimization is economic cost and the
CO, emissions. The general form of both objective func-
tions is presented by Eq. (10), where the unit rate of com-
ponents varies for the cost and CO, emission objectives.
The unit rates listed in Table 2 [25]. The volume of con-
crete, the weight of longitudinal and shear reinforcements,
and the area of formwork are considered in this problem.
C,C and C ' are the unit rate of concrete, bars and form-
work, respectively. V is the volume of concrete; y is unit
weight of bars that is 7850 kg/m’; 4_and L are the area and
length of bars, respectively; 4 ’ is area of formwork.

C=(V.C.+Cyyy AL +Cy.Ap) (10)

3.4 Design constraints

Design variables must be satisfying the limitations and spec-
ifications provided by the AASHTO 2002 [24]. By using
penalty function, the constrained problem is transformed
into an unconstrained problem, and the design variables
with penalty are removed from the algorithm in the fol-
lowing iterations.

Table 2 Unit prices and CO, emissions [25]

Description unit Cost© €0, (ke)
Beam Column Beam Column
Steel B-500 kg 1.3 1.3 3.01 3.01
Concrete (25 MPa) m? 78.4 77.8 132.88  132.88
Concrete (30 MPa) m? 82.79 82.34 143.48  143.48
Concrete (35 MPa) m? 98.47 98.03 143.77 143.77
Concrete (40 MPa) m? 105.93 105.17 143.77 143.77
Concrete (45 MPa) m® 112,13 11172 14377  143.77
Concrete (50 MPa) m? 118.6 11826  143.77 14377
Formwork m? 25.05 2275 3.13 8.9

Where ]; represents the penalized objective function,
f denotes the value of the objective function, x indicates
the vector of design variables, g, shows the penalty of
the ith constraint, n is the number of constraints, and &
denotes a penalty exponent, for which k= 1.7 is considered
in this study.

In this study, the units are considered as ton and meter.

3.4.1 Design constraints for beams
To design the beams, flexural moments and shear forces
are controlled by flexural and shear capacity.

The nominal flexural capacity of a RC rectangular sec-
tion of beam, is defined as follows:

M, = A4 f, (d—gj : (12)
At
o= s.}?v ’ (13)
0.85 /. 5bp

n
fp(x)=fx1+ Zgi (x))" (11)  where 4_is the total area of tension reinforcing bars, f, is
i=1 the yield strength of bars, d is the distance from extreme
Table 1 Design variables and parameters

No. Variable Symbol step Constraints

1 Concrete strength (ton/m?) I 500 2500 <f" <5000

2 Yield strength of bars (ton/m?) 7, constant 50000

3 Width of cross section (m) b 0.125 0.5<bh<2

4 Depth of cross section (m) h 0.125 05<h<2

5 Number of longitudinal bars along 3-dir face n, 1 2<n<17

6 Number of longitudinal bars along 2-dir face n, 1 2<n=<17

7 Diameter of longitudinal bars d, 1 #3<d, <#l1

8 Number of shear bars nsv 1 2<nsv<6

9 Number of shear bars in plastic zone of column nspv 1 2<nspv<6

10 Space of shear bars (m) sV 0.05 0.05<sv<0.6

11 Space of shear bars in plastic zone of column (m) spv 0.025 0.025 <spv<0.125

12 Diameter of shear bars in columns (mm) d, constant 15

13 Diameter of shear bars in beams (mm) d, constant 12




compression fiber to the centroid of tension reinforcing bars,
and a is the depth of the equivalent rectangular stress block.

The constraint related to the flexural capacity is consid-
ered as follows:

(M52
g =max| 0,| ——— ||, (14)

oM,

where M is the applied ultimate flexural moment, & is the
strength reduction factor which is equal 0.9.

The 8, stress block factor shall be taken as 0.85 for con-
crete strengths up to and including 28 MPa. For strengths
above 28 MPa, f8 shall be calculated as:

B = max(O.SS—@0.0S,OﬁS], (15)

The balanced reinforcement ratio p, for beams is calcu-
lated as follows:

" 60000
P =0.85ﬁ1L—. (16)
fy 60000+ £,

The steel ratio p have to be less than 0.75 of the amounts
of balanced rebars ratio and must be greater than the min-
imum rebars ratio.

A

_ 4 17
by.d {17

p

The constraint for limit the maximum reinforcement
for the section of beams is:

g, =max(0,(p—0.75%p, )). (18)

The minimum distance between bars and minimum
reinforcement section of beams are controlled according
ACI code [26].

The constraint for limit the minimum reinforcement
section of beams is:

fes 140

04fy sTy > 83 :maX(Oa(pmin_p))' (19)

The constraint for limit the minimum distance between

Pmin = Max

longitudinal bars (S)) is:
Smin — Sl
Smin = Max (dyp,0.025m), g4 =max| 0, ~2— | |. (20)
Smin

Where the d, is the diameter of the longitudinal bars.
According to 8.16.6 of AASHTO, the design of cross-
section under shear loads shall be as follows:

Vi<V, @n
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Ve =Ve+Vs. (22)

The V_ is the nominal shear strength provided by the
concrete that is calculated as:

V, =174 fpby.d (ton). (23)

The ¥, is the nominal shear strength provided by the

shear reinforcement that is calculated as:
App frd
VS = ﬂ . (24)
SVp

In which 4, is the total area the legs of shear rebars.
The required ¥, should not be more than 4 times V.

The constraints related to shear strength are as follows:

vl-2v,
gs =max| 0, o | (25)

Where @ is equal to 0.85 and ¥, is the shear force
applied to the cross section.

According to Article 8.19 from AASHTO 2002, the
minimum area of the shear bars is:

35.by.
Apiin = %(sz) .

The constraint for limit the minimum shear reinforce-

(26)

ment is as follows:

AVmin _|AVB|
= 0, ———— | |.
s max( ,[ |AVB| D 27)

The space between the shear rebars sv, should not be
greater than the following values.

S ey < MiN (g,0.6mj (28)

g7 = max (0, (sz =S aoB )) 29

Where d is the effective height of the cross section of
beams.

3.4.2 Design constraints for columns

To design the columns, first, the slenderness effects of
them are evaluated according to Article 8.16.5.2 from
AASHTO. If the column is slenderness, a magnified
moment is used in the design of the columns. A column is
said to be slenderness when its cross-sectional dimensions
are smaller than its length. The slenderness effects (1) are
shown by the following equation:
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A= KL <22, 30)
r

where L is the unsupported length, & is the effective length
coefficient, and r is the radius of gyration. The radius of
gyration for the rectangular sections is 0.3 times of the
overall dimension in the desired direction. K must be
calculated according to Eq. (31). For bending around the
transverse axis of the bridge, according to the cantilever
behavior, the effective length coefficient will be £ = 2. For
bending around the longitudinal axis (x), it is calculated
according to the following equations:

{wm <2 k=(1-005y, )Tty an

v, >2  k=02.1+y,

_ l//1‘0‘19 Vo

. (32)

m

Parameter v/, indicates the support condition of the
end of the compression member. At the beginning of the
column, due to the fixed support, y, = 1.

(EI/L),,
Viep = (EI/ L), (33)
E=47717f.¢ (G4

According to 8.16.5.2.5 of AASHTO, if parameter 1 of
the column is greater than 22, slenderness effects should
be considered in the design of the column. The procedure
for calculating the coefficient of the magnified moment (6 )
is as follows:

1
O _I_T]Vu’ (35)
0.65.% P,
2
(EI
Pc — T ( e)col , (36)

(k.L)?
where ZN _is the sum of the axial loads on the column.
The formulation of the magnified moment is as follows:

Me = McG + 8, MccE , (37

where Mc is magnified moment, McG is moment under
gravitational loads, and MccE is moment under lateral
loads.

According to 8.16.4.2 of AASHTO to check the capac-
ity of the columns, first, the load-moment interaction dia-
gram of the column is drawn for the x-axis. Again, for the
y-axis, it is as shown in Fig. 2.

&

o / Maximum Axial Compression

Pog- Compression Controlled Region

oMy, Py )

PJ‘.'!IZLY

/ Balanced Strain Condition

(Mp, Pp)

Tension Controlled Region

P
>

My My

Ps
v
Fig. 2 Column load-moment interaction diagram
Where:
By = B[ 085fic (Ay = Ay )+ Ay 1y | (38)
Frax =0.8% Ry, (39
B, =D[ 085 fic.be.ay + 4.1, - 4.1, ] (40)
r " ab
0.85f)c.bc.ay| d—d"——=
M, = f””( 2] : @1)
+A;.fs'(d—d’—d”)+As.fy.d”
60000
b= —————— |Bd “2)
60000+ £,
. d"\ ( 60000+ f,
§ = ,| 60000.| 1-| — |.| ——— |||, 43
fi = min(f, { [ ( y ] ( 0000 @3)
a
M, :Q{As.fy (d—zﬂ, (44)
A
a=—h_ (45)
0.85 f.cbc
The value of M, is calculated as follows:
M, =Mb.[—P’"“x _Poj, (46)
B, - F
P =0 fydst @7)

In these formulas, the coefficient @ according to Article
7.6.2(B) Division [-A from AASHTO is determined as
follows:



if Bs00.01 @-0s,

A

» @8)
i 0< - <02.fic 05<@<09,
4

where Ag is the total cross-sectional area of the columns,
A, is total area of longitudinal reinforcement, A is area of
compression reinforcement, 4 is area of tension reinforce-
ment. The parameters d, d' and d" are show in Fig. 3.

The design of columns subjected to biaxial bending
should be computed by Eq. (49) or Eq. (52):

1 1 1 1

——— 49)

By Bx By B

And the constrain is:

]L _'};xy
gg =max| 0, — | |. (50)
13uy

When the factored axial load,

if B, >0.1.flcA,, (51)
or;

M
M, P (52)
Mmc ny

And the constrain is:

M
g9 =max| 0, My M 4|, (53)
Mnx Mny
When the factored axial load,
if B, <0.1.f/cA,. (54)

If there is axial uplift force, the constraint is as follows:

P, - P
gm:max(o, upP Sj. (55)
5

—

b ¥,

Fig. 3 Specifications of column
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Where P is applied axial load, P, is nominal axial
load strength corresponding to M, with bending consid-
ered in the direction of the x axis only, P is nominal axial
load strength corresponding to M, with bending consid-
ered in the direction of the y axis only. M, _is applied ulti-
mate bending moment in the direction of the x axis. M,  is
applied ultimate bending moment in the direction of the y
axis, M _is nominal moment strength of a section in the
direction of the x axis, M, is nominal moment strength of
a section in the direction of the y axis, P, is applied axial
uplift load.

The penalty function for limitation of minimum and
maximum amount longitudinal reinforcement for the col-
umns is expressed as:

0.01x 4,
g =max| 0, A——l , (56)
A
=max| 0, —=— 1. 5
81 ma){ {0.06><Ag D 7

The constraints of the limitation of clear distance
between longitudinal bars is defined as:

Sin = max (1.5d5,,0.038m). 8
o max(o,(smfn_—slj , (59)
Smin

in which s/ is the distance between the longitudinal bars
in the columns.

To check the shear strength of the columns, the length
of the plastic hinge at the beginning and end of the col-
umns must be determined. Rebars with special specifica-
tions should be used in the length of the plastic hinge. The
length of the plastic hinge is equal to largest (a) the max-
imum cross-sectional dimension of the column, (b) one-
sixth of the clear height of the column, or (c) 450 mm.
In this region, the requirement of shear bars is calculated
as follows:

The total area of shear reinforcement (4 ;) for a column
with rectangular cross-section at plastic hinges shall be

either:
|4
Agy =0.3.5pve.h,. Jec {—g - 1} , (60)
yh ‘40
or,
_ fec
Ay =0.12.5pve A, . 1)
vh
So,



560 | Kaveh et al.
Period. Polytech. Civ. Eng., 66(2), pp. 553-563, 2022

Ag, = max(Ag, Az ) (62)

Ash - Aspv
g4 =max| 0, —A R (63)
spy

where A, is the total area of the shear reinforcement used
in the plastic region, f) , 18 yield strength of shear reinforce-
ment, and 4 is area of column core measured to the out-
side of the transverse reinforcement.

The shear strength of shear bars in plastic hinge regions
is calculated as:

Agp fond

I/Sp — Sp\h/:lh , (64)
Spve

in which the required ¥, should not be more than 4 times

of V. and

For axial compression force

if B,>01.fic A. Ve=Ve

i P, <01fic A, 0<Ve<Ve: (65)
For axial tension force

Ve=0

The constraint related to the cross-sectional shear
strength is as follows:

. m[o[wﬂ )

o +7,)

The maximum space of shear reinforcement shall not
exceed the smaller of one-quarter of the minimum mem-
ber dimension or 10 cm.

PVimax = min (0.25(min (b¢, i )),10em),

_ 67)
. max(o,(wn

SPVimax

In the non-plastic region, the maximum space between
the shear bars is as follows:

SVemar = min((min (be. A, )),30cm),

_ (68)
SVe = SVCmax
= max 0, _— |-
817 [ ( SVCmax jj

3.4.3 Geometry constraint

In the cross section of columns and beams, the width of
columns must be smaller than or equal to the depth of
section, and the width of column must be smaller than or
equal to width of beam.

gig = max(o,(%ﬁ 69)
219 = max [o,[l’cb;bBD (70)
B

3.5 Methodology of optimal design

The link of CSiBridge [27] and MATLAB [28] software
are used for the optimization process, where CSiBridge
software is used for finite element analysis. The AASHTO
2002 [24] standard specification and optimization algo-
rithm are handled in MATLAB software. The variables
of problem are defined in the text file ($br) of CSiBridge
and stored in MATLAB. The information in this docu-
ment is updated each iteration by optimization algorithm.
The CSiBridge can import the information of this file
and analyze it. Open Application Programming Interface
(OAPI) functions have been used to link of softwares, start
CSiBridge application, analysis the 3D model and extract
the analysis results to MATLAB.

4 Numerical example

A three-span bridge with the length of 15-26-20 m and
width of 9.2 m is considered to study the presented process
for the optimal design of 3D reinforced concrete columns
and bent caps of the bridges. For this bridge, two symmet-
rical rectangular columns with one beam are considered
in each span (Fig. 4). The optimization is performed with
the aim of minimizing the cost and CO, emissions, and the
optimal variables for the columns and beams are obtained
using the ECBO optimization algorithm. The design is
based on AASHTO 2002 standard specification. The trade-
off between cost and CO, emissions is also investigated to
determine how much CO, can be reduced if the optimiza-
tion is based on minimizing CO, emissions.

Table 3 and Table 4 shows the results of best design for
columns and beams of bridge, respectively. In which the
objective function is the minimization of the cost. Fig. 5
shows convergence curve of the algorithm corresponding
to the lowest cost. The best solution reported is 14638.39 €,

Fig. 4 The RC columns and beams of bridge
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Table 3 Results of the optimum design for cost objective for columns
fle b, h, d, ey ne, sV, nsv nsv, spv, nspv,,  nspv,
Cl1 3000 1.125 1.125 #8 9 6 0.3 3 2 0.025 2 2
Column number
Cc2 3000 0.5 0.875 #8 4 12 0.3 2 2 0.05 3 2
Table 4 Results of the optimum design for cost objective for beams
ZB b B hB dhli‘/bm) o dhli‘/la/)) g o) nsv, SV
Bl 3000 1.125 1.125 #8 7 #8 8 4 0.15
Beam number
B2 3000 0.5 0.875 #6 6 #8 6 4 0.15
CO'\ I__I 3
Cost - 1 emissions
4.F+06
3.E+D6 5.E+06
o 3.E+06 4 E+06
Z 2406 2 s
O e
2 E+06 O s
1E+06 -
1E+0B
5.E+05
0.E+DD
0.5:00 0 50 100 150 200 250
0 50 100 150 200 25 .
Tt Iterations

Fig. 5 Convergence curve of the algorithm corresponding to the

lowest cost

with 26274.4 kg of CO, emissions. In the solution with
the cost objective, based on the examinations, the suit-
able value for the parameter Pro of algorithm is 0.4 and
the number of population is 30. The CM size and stopping
criteria of the algorithm are considered as 20% of the pop-
ulation size and 250 iterations, respectively.

The optimization results with the aim of minimizing
the CO, emissions are given in Table 5 and Table 6 for
the columns and beams, respectively. The best reported
solution is 24667.6 kg CO, emissions with 14844.5 € of
cost. Convergence curve of the algorithm corresponding
to the lowest CO, is show in Fig. 6. In the solution with
the CO, objective, based on the examinations, the suitable
value for the parameter Pro of the algorithm is 0.8, and the

Fig. 6 Convergence curve of the algorithm corresponding to the lowest
CO, emissions

number of population is 30. The CM size and stopping cri-
teria of algorithm are considered as 20% of the population
size and 250 iterations, respectively.

A percentage comparison of the results with the aim
of minimizing the cost and CO, emissions shows that in
design with the objective functions of minimizing CO,
compared to the design based on cost minimization, with
a 1.4% increase in cost, CO, can be reduced by 6.1%

5 Conclusions

Construction industry has a significant contribution to CO,
emissions. Researchers have employed a number of strat-
egies to reduce the CO, emissions from the RC structure,
one of which is the use of optimization techniques during

Table 5 Results of the optimum design for CO2 objective for columns

f:c' b ¢ h(» dbc e ey SV, NSV 5 NSV, SPV, ISPV ISPV,
C1 3500 0.875 1.125 #6 5 16 0.3 3 2 0.1 5 4
Column number
C2 3500 0.875 1.125 #6 3 17 0.3 2 2 0.075 4 3
Table 6 Results of the optimum design for CO2 objective for beams
o ZB bl? hB th([mll ”E(Imt/ th/zop) ”E(top) nSVB s vl?
Bl 3000 0.875 2 #10 7 #7 14 3 0.35
Beam number

B2 3000 0.875 1 #5 12 #7 9 3 0.1
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the design phase. Studies have been conducted to reduce
CO, emissions on superstructures of bridges, but the trade-
off between cost and CO, emission in the columns and
bent caps (beams) has not been investigated. This study
describes a methodology for the optimal design of 3D rein-
forced concrete columns and beams of bridge. The objec-
tive function is to minimize the cost or the CO, emissions.
A computer tool with the link of CSiBridge and Matlab
software is used for the optimal design of 3D structures.
CSiBridge software is employed for finite element analy-
sis, and the AASHTO standard specification and optimi-
zation algorithms are handled in MATLAB software. The
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