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Abstract—This paper performs a simultaneous cross-sections and semi-rigid connections optimization
for plane steel frames with semi-rigid beam-to-column connections, in company with fixed, semi-rigid and
hinged base connections using, for the first time, a bees algorithm (BA), along with a genetic algorithm
(GA). Both of algorithms are applied using Shallan et al. [1]optimization model. In this paper, the
truthful Kanvinde and Grilli[2]nonlinear model is used for simulating semi-rigid base connections, where
this model considers all deformations in different base connection elements under the applied loads to
determine the relative spring rotation 0, for the sake of getting accurate base rotational stiffness value. In
addition, Frye and Morris [3]nonlinear model is used for simulating semi-rigid beam-to-column
connections. The P-A effect and geometric nonlinearity are considered. The stress and displacement
constraints of AISC-LRFD [4] specifications, alongside size adjustment constraints, are considered in the
design process.

Keywords -Genetic algorithm; bees algorithm; plane steel frame; optimization; semi-rigid connection;
geometrically nonlinear; the P-A effect; semi-rigid base.

I. INTRODUCTION

Most of the design procedures shorten the simulation of steel connections by assuming them either a
perfectly pinned or a fully rigid connection. In opposition, actual steel connections have some rotational
stiffness between these two severe assumptions, and their real behavior is complicated and nonlinear. Thus, for a
precise structural analysis, a nonlinear model is required for simulating steel connections either beam-to-column
connections or base connections, along with considering the P-A effect and geometric nonlinearity (i.e., the
change in coordination).

Two types of steel constructions are termed in AISC-LRFD[4]: fully restrained (FR) and partially restrained
(PR), where the PR type is considered according to rational experimental and numerical studies.

Some researchers worked on the behavior of semi-rigid connections using experimental studies to get the
nonlinear behavior of the connection such as Frye and Morris[3], Abdalla and Chen[5], Chisala[6], Kim et al.
[7], Wu et al. [8], Aydin et al. [9]and Maali et al. [10]. Due to its rational simulation and it's wide usage in the
literature studies, the odd-polynomial Frye and Morris [3]model are used in the current study. On the contrary of
beam-to-column connections, an accurate model of semi-rigid base connections is usually unnoticed in most of
the literature studies. Only Kanvinde and Grilli[2]model is reasonably accurate for modeling semi-rigid base
connection, where it considers deformations of all different elements of the base connection, so this model is
used in the current study to simulate base connections.

BA is one of the evolutionary population-based optimization algorithms, which simulates the natural
foraging behavior of honey bees to discover the best solution to get a honey.Furthermore; GA is one of the first
evolutionary population-based optimization algorithms, which imitates the evolution theory of Darwin.

II. SUMMARY OF THE LITERATURE STUDIES

Table 1 shows a comparison between the previous literature studies, where all the literature studies simulate the
beam-to-column connection using Frye and Morris [3Jmodel, while Hensman and Nethercot[11]model is used
to simulate the base connection if it is considered as a semi-rigid.
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Table 1 Comparison between previous studies

Study Frame Base Used algorithm | Design code
Shallanet al.[1] Plane Fixed TLBO, GA AISC-LRFD
Musa and Ayse[12] Space Fixed GA AISC-LRFD
Musa Artar[13]" Plane Fixed TLBO AISC-ASD
Musa and Ayse[14] Plane Semi-rigid GA AISC-ASD
Musa and Ayse[15]" Plane Fixed GA AISC-LRFD
Musa and Ayse[16]" Space Fixed GA AISC-LRFD
Hadidi and Rafiee[17] Plane Fixed New HS AISC-LRFD
Mohammad and Payam[18] Plane Fixed Fuzzy GA AISC-ASD
Algedra et al.[19] Plane Fixed ITHS AISC-LRFD
Arafa et al.[20] Plane Fixed HS AISC-LRFD
Hadidi and Rafiee[21] Plane Fixed Improved PSO AISC-LRFD
Rafiee and Hadidi[22] Plane Fixed BB-BC AISC-LRFD
Hayalioglu and Degertekin[23] Plane Semi-rigid HS AISC- LRFD
Hayalioglu and Degertekin[24] Plane Semi-rigid GA AISC-LRFD
Hayalioglu and Degertekin|[25] Plane Fixed GA AISC-ASD
Degertekin and Hayalioglu[26] Plane Semi-rigid GA Turkish code

*Braced frame, ° Composite beam, ITHS: Intelligent tuned harmony search, TLBO: Teaching-
learning-based optimization, HS: Harmony search,PSO: Particle swarm optimization, BB-BC:
Big bang-big crunch.

III. GENETIC ALGORITHM (GA)

A genetic algorithm is one of the oldest optimization algorithms inspired by John Holland [27], where
it mimics the evolution theory of Darwin. GA starts with an initial population consists of a certain
number of listed suggested solutions, where each solution is called individual or chromosome.

Each individual or chromosome consists of a string of genes, where each gene represents a certain
suggested optimization variable. These genes are coded in a binary-string, so decoding process is
proceeded to convert genes to decimal values, then the fitness value of the problem using these suggested
variables is determined for each individual in the initial population.

Based on the fitness value of each individual, the selection process is carried out to select chosen
individuals to go through a reproduction process. Crossover and mutation are the main reproduction
parameters used for creating the next generation of solutions, by repeating the same steps until reaching
the last generation. Fig. 1 shows a flowchart of GA processes.
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Fig. 1 Flowchart of the basic GA
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IV. BEES ALGORITHM (BA)

The BA is an optimization algorithm inspired by Pham [28], it mimics the natural foraging behavior of
honey bees to find the best solution.

The following is a description of the BA steps, while its flowchart is shown in Fig. 2.

1- The algorithm starts with the (n) scout bees being located randomly in the search space, these bees
represent the initial population, for example, n=10 as shown in Figs. 3 and 4.

2- The fitness of the sites visited by the scout bees after the return are evaluated and sorted in a
descending order and stored in an array.

3- The best m sites will be selected out of (n), and then we choose the best e site out of (m), for
example, m=5, and e=2 as shown in Fig. 5.

4- Recruit the number of bees for the selected sites and evaluate the fitness of the sites as follows:

A number of bees (n,) will be selected randomly to be sent to e sites and choosing (n;) bees randomly
which their number is less than n,, to be sent to m-e sites.

5- A neighborhood search sites of a size (ngh) is selected, where ngh will be used to update the m bees
declared in the previous step if there is any better neighbor solution as shown in Figs. 6,7 and 8.

6- Choosing the best m bee (the highest fitness) to the next bee generation where other bees in the
generation will be assigned randomly around the search space (n-m) as shown in Fig. 9.

7- Steps from 1 to 5 are repeated till reaching the last generation and get the optimum solution as
shown in Fig. 10.
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Fig. 2 Flowchart of the basic BA
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Fig. 3 Area of search, where highest location needed to be found Fig. 4 Initialize a population of (n=10) scout bees with random search
and evaluate the fitness

Fig. 5 Select (m=5) for best bees, and (e=2) for elite bees and (m- Fig. 6 Determine the size of neighborhood size (ngh)
e=3) other selected bees

Fig. 7 Recruit bees for selected sites (more bees for the e=2 elite Fig. 8 Select the fittest bee from each site
sites)

Fig. 9 Assign the (n—m) remaining bees to random search Fig. 10 Find the global best point

V. MODELING OF A SEMI-RIGID BASE CONNECTION

Hayalioglu and Degertekin[23], [24],[26] performed an optimization for a semi-rigid steel frame with a
semi-rigid base, but they used Hensman and Nethercot[11] model to determine stiffnessKy,s. of four bolt
flexible base as shown in Egs. 1 and 2. This model is a linear-constant model and doesn't mimic the
actual nonlinear behavior of the flexible base, and doesn't study deformations in different base connection
elements, also it doesn't take consider the applied loads on the base connection.

ExZ?xt
K = 1
base 20 ()
H t
Z=r +——<-L 2
R @

where E is the modulus of elasticity, t, r,, H., and t; are shown in Fig. 11.

DOI: 10.21817/ijet/2018/v10i6/181006003 Vol 10 No 6 Dec 2018-Jan 2019 1644



ISSN (Print) :2319-8613

ISSN (Online) : 0975-4024 Osman Shallan et al. / International Journal of Engineering and Technology (IJET)
& _ Column
1% il A ¥y
i
Base plate
Z T H. 3:]; Grout packing
!
I . Concrete foundation

T

PLAN ELEVATION
Fig. 11 simple semi-rigid column base detail using Hensman and Nethercot[11] model

The current study uses Kanvinde and Grilli[2] model to simulate the semi-rigid base connection,
opposing to Hensman and Nethercot[11] model, this model is a nonlinear model, where it takes into the
account the deformations in the different base elements, such as anchors, the concrete footing and base
plate flap deformations in both tension and compression sides, based on the applied axial load P and
moment M values. Kanvinde model is separated into two cases according to the eccentricity value e and
the critical eccentricity value e.;.

M
e -N__ P
crit 2 2>< B % fmax (4)

f =0.85xf, x( /AZJ <1.7f, ()
Al

where N is the length of the base plate, B is the width of the base plate, f, is the compressive strength of
concrete under the base plate, f;,4, 1S the maximum bearing stress under the base plate for the
bigeccentricity case as shown in Fig. 12 (b), A, is the bearing area of the base plate, and A, is the
effective concrete area under the base plate.
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Fig. 12 Stress distributions assumed in current U.S. design practice for
(a) low; and (b) high-eccentricity conditions Kanvinde and Grilli[2]

A- Case 1, low eccentricity case

In this case, e <ey; , and the spring rotation 0, of the base connection is produced only by concrete

strain at the edge of the base plate €298, and concrete strain at the centerline of anchor rods onthe other

sideefd. .under bearing stress f with stress block length Y as shown in Fig. 12 (a).

PZ
f:
PxBxN-2xMxB

(6)

DOI: 10.21817/ijet/2018/v10i6/181006003 Vol 10 No 6 Dec 2018-Jan 2019 1645



ISSN (Print) :2319-8613

ISSN (Online) : 0975-4024 Osman Shallan et al. / International Journal of Engineering and Technology (IJET)
2xM
Y=N- (7)
f
toe __
Eeonc. = E— (®)
conc.
M
rod ___toe
Eeonc. = €conc. X [l - ) 9
x ecrit
toe rod
0 = d ><(‘C“conc. _gconc.) (10)
" (S+N/2)

whereE ., is the modulus of elasticity of concrete under the base plate which equals E .. = 4700,/ f.
N/mm?, d is the concrete footing depth, and (S + N/2) is the distance between the edge of the base plate
and the centerline of anchor rods in the other side as shown in Fig. 13.

B- Case 2, high eccentricity case

In this case, e >e.;; and the spring rotation 6. of the base connection is produced by anchor strainA,,q
Due to a tensile force, concrete stain Acopnc. and plate flap deformation on the compression side Acomp.
and tension sides A, under bearing stress fp,4,, With stress block length Y as shown in Fig. 12 (b).

Zymuﬂm
plate
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1 1
N e

—— s+ N2? -

Fig. 13 Assumed deformation mode and contribution of various components Kanvinde and Grilli[2]

<> Anchor rod deformation A,,4
T . xL
A — rod rod
o Arod X Erud (11)
fow XBxY =P
Ta = N (12)

rod

_2x[M +Px(N/2-g)]
f axXB

m:

Y =(N—g)—J(N—g)Z (13)

where g is shown in Fig. 12 (b), T;oq is the tension force in one rod, N,o4 is the number of the anchor rods
on one side, A,,q is the cross section gross area of one anchor rod, L,,q is the total length of the anchor
rod which equals to (8-24)xdiameter of the anchor rod[2], and E,,q is the modulus of elasticity of the
anchor rod.

¢ Concrete deformation A,y
f
A(:cunc. =d x e (14)
conc *

+» Base plate flap deformation in tension side A,
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A, :deNdxMJerdexﬂ (15)
en, rof rof ro ro S
3 X Eplale x I plate 3 x Aplate x Gplate

t3

— p
Iplate - BXE (16)
Alge =5/6xBxt, (17)

whereLiension 18 shown in Fig. 13, Epjaee is the modulus of elasticity of base plate, t, is the base plate
thickness, and Gpa¢e is the shear modulus of the base plate equals 77.2 Gpa.

«+ Base plate flap deformation in compression side Ay,

IfY>m
4
m n
Aoy = F¥B . (1)
o 8x Eplate>< Iplate 2x '%S)Iateprlate
IfY<m
2 19
Ammp:i ><[m4 —l(m—Y)3 ><(3m+Y)j+f‘s‘“‘XXBXY x[m—Y +YJ (19)
8X Eplatte>< I plate 3 Ajlatex Gplate 2
where m is the flap length of the base plate as shown in Fig. 13.
Finally, a spring rotation 6,. of the base connection can be calculated as follows.
9 — ( rod + Aconc + AtenA + Acomp) (20)
' (S+N/2)

For simplification, some dimensions are considered fixed during the design optimization procedure such
as rod gross diameter=2.5 cm, L;,q=50 cm, d =120 cm, N;,4=2, tp,=2.5 cm, and the base plate extension out
of column section=10 cm for each side, where the anchor bolts at 5 cm of column flange edge, the
pedestal extension out of the base plate=10 cm for each side.

VI. MODELING OF A SEMI-RIGID BEAM-TO-COLUMN CONNECTION
Similar to the literature studies, Frye and Morris [3]model is assumed in the current study because it is easy

to apply and it is an odd-power polynomial model, which is reasonably worthy for simulation of the nonlinear
M-0,.behavior of the semi-rigid beam-to-column connections, as expressed in the following equation.

1 3 5
6, =C,(kM) +C,(kM)’ +C,(xM) 1)
where C;, C,, and C; are the curve-fitting constants, andkis a standardization constant dependent on the

connection type and geometry, as shown in Table 2 [29].

Fig. 14 shows that Frye and Morris's model is valid to eight different types of the semi-rigid beam-to-
column connections.

According to the literature studies [21], [17] and others, and to simplify the problem, some of the connection
size parameters required in Frye-Morris polynomial model [3] are taken fixed through the design optimization
procedure, as shown in Table 3. Moreover, for connections 1, 2, and 8, d,&d,=web depth-10.16 cm, also, for
connections 5 and 6, d,=beam depth+15.24 cm[1].
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Table 2 The curve-fitting constants

Connection type C Curve-ﬁétlng constantsC Standardization parameter (k)
1 2 3
1 4.28x10° | 1.45x10” | 1.51x107° K = dg >t 181g01s
2 3.66x10%* | 1.15x10° 4.57x10® K = dz>4t;181g015
3 2.23x10° | 1.85x10° | 3.19x10" K = 12871128 704150 0.69451.35
4 8.46x10* | 1.01x10™ 1.24x10° K =d 15705077 dp s
5 1.83x10° | 1.04x10" | 6.38x10° K = dg24e, 04 dps
6 1.79x10° | 1.76x10™" | 2.04x10* K = dg2*t, 00
7 2.10x10* | 6.20x10° | -7.60x10” Kk =d 15705007yt
8 5.10x10° | 6.20x10™° | 2.40x10™" Kk = d,?3t, 101, 05gle
4" | 4%
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¥ |leillie
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Double Web Angle (2)
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d |
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I e | | I 3y | A
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- v —":-E'-‘- 1 s N gy E..._ tp s
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n 4 s
v |
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Fig. 14 Semi-rigid beam-to-column connection types [17]
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Connection type Fixed connection size parameters (cm) Values in Eq. 27 (kN-mm/rad)
1 t,=2.54,g =11.43 85x10°
2 t,=2.858,g = 25.4 113x10°
3 t=2.54,t,=2.54,g = 11.43 282x10°
4 t=2.54,d, = 2.858 226x10°
5 t, = 2.54,d, = 2.858 339x10°
6 t,=2.54 395x10°
7 t =3.81,d, = 2.858 452x10°
8 t,=2.54,9 = 25.4 141x10°

VII. NONLINEAR ANALYSIS PROCESS

Similar to the literature studies, the displacement method is used to carry out the structural analysis process
in the present study, wherein, the stiffness matrix of the frame is formed by gathering of the stiffness matrices
of the different frame members in the global coordinates [29]. In order to take the P-A effects, in addition to
the geometrical nonlinearity into account during the analysis process, an incremental approach is applied [30],
such that, in each load increment the stiffness matrices are updated using the most recently calculated axial
force values for column elements, besides, updating the frame geometry based on the most recently geometric
deformations through an iterative process until the convergence is achieved [29].

Furthermore, the secant stiffness approach is applied to consider the nonlinearity of a semi-rigid connection
of beam members and column members connected with a semi-rigid base.

Fig. 15 shows the connection secant stiffness values corresponding to all load increments, where Fig. 16
shows the moment-rotation curves of the eight connection types [29].

The convergence criterion for each set of iterations is measured by comparing the difference between the
end forces of the members with the applied incremental loads so as to be smaller than a pre-determined
tolerance.

A convergent result of a load increment establishes an initial estimation for the first iteration of the next load
increment, and the iterative process continues until considering the final load increments. The results for all
load increments are accumulated to determine the total nonlinear response of the semi-rigid frame.

F 3
Moment, M
M,

M,

M;

8, 6 041 0, Rotation, 6,

Fig. 15 Secant stiffness through the M-, curve [17]
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T-Stub(7)
End Plate with Column Stiffencrs (6)

f 3

Moment, M . ‘
End Plate without Column Stiffeners (5)

Top and Seat Angles with Double Web Angles (3)
Topand Seat Angles (4)

Header Plate (8)
Double Web Angle (2)

Single Web Angle (1)

Rotation, £,

Fig. 16 Moment-Rotation curves of semi-rigid connection types [17]

VIII. DESIGN CONSTRAINTS

Design constraint check ensures that either the resulting frame is safe and serviceable or not. Following
previous studies [29], [17] and others, the following constraints are used in the current study.

1- AISC-LRFD [4] strength constraint using the interaction equation of the bending moment and the axial
force as follows:

For Pusgn 2|3 Mu )y (22)
¢Pn ¢Pn 9 ¢anx

For P 2 1 P, + L <1 23
" J}a WM., 9

whereP,, and P,, are the required and the nominal strength of a member, respectively, either compression or
tension, and @ is a reduction factor equal to 0.9 in the case of tension or compression.
Moreover, M,,, and M,,, are the required and nominal flexural strength of a member about its major axis,
respectively, where the ending reduction factor @, equals 0.9.

Semi-rigidity of beam member ends are reflected in determining the restraint factor G and fixed end forces
according to Dhillon and O’Malley I11[29].

2- In addition, the roof drift and inter-story drift constraints are taken into account, where the allowable roof
drift equals 0.0052xtotal frame height. Moreover, the allowable inter-story drift is controlled by story
height/300.

3- For construction necessity, the size adjustment constraint is considered, firstly, this constraint makes certain
that a beam flange is not wider than a column flange at all connections. In addition, a column depth in a
higher floor is not bigger than the same column depth on a lower floor.

IX. DESIGN VARIABLES

According to the developed optimization model of Shallan et al. [1], the rotational deformation of a member
ends ©,& Op used as design variables to determine column inertia I, or beam inertia I as follows.

6A 6A
My,-Mg+—5 Mg-Mg +—
I, = Max L, £ L 24)
f[49A +26, ] f[49B +26,]
I, =Max| = Ma=Mea Mo =Mg (25)
I[3.29A+1.6¢93] %[3.29B +1.60, ]

where Ma&Mp is the preliminary moments for the same frame using any logical sections and fixed
connections, Mpa&Mggare the fixed end moments, A is the allowable inter-story drift, E is the modulus of
elasticity, and L is the member length.
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X. TOTAL COST AND PENALIZATION

The total cost of a plane steel frame bearing in mind the cost of the members and the semi-rigid beam-to-
column connections is defined by Xu and Grierson [31] as follows.

NM NB 2
Total_Cost=> 7,AL +> (R, +4) (26)
i=1

i=1 j=1

0.2257,A,L,
S @7
,61? =0.1257, AL (28)

where y; is the steel density, A; is the cross-sectional area, L; is the member length, R;; is the rotational
stiffness of the connection, j represents two ends of a semi-rigid connection, NM and NB represent the total
number of members and beams in the frame, respectively, S; is an estimated value for rotational stiffness of a
connection, as shown in Table 3.

Penalty function gives a bad fitness value for any solution violates any constraint to terminate it as expressed
in the following equation.

Fitness=Total cost+Cx10° (29)

where C is the penalty constant equals zero for the solutions achieve all constraints, otherwise, it equals one.
XI. NUMERICAL EXAMPLES

Three benchmark examples are examined in the current study to investigate the effect of simulating the
semi-rigid base connection using Kanvinde model, whereas both BA and GA optimization techniques are
used. Three base connection cases are considered in the current study; fixed (F), semi-rigid (S), and hinged
(H). The used algorithms properties and steel properties are as follows.

Algorithms properties.
The algorithms used in the following benchmark examples are a genetic algorithm with reproduction

parameters of 0.9 for the crossover and 0.05 for the mutation, in addition, a bees algorithm. Both of the
algorithms have a population size of 100, and 50 maximum generations/iterations.

Steel properties.

A36 steel is used, where E = 200 Gpa, yield stress f,, = 250 Mpa, shear modulus G = 77.2 Gpa, and
the unit weight of material y; = 7.85 t/m?, according to AISC-LRFD[4].

11.1 Single bay with a nine-story frame.

The geometry of the single bay with a nine-story frame, along with the member grouping and the design

loads are shown in Fig. 17. The W, W, and W, loads are equal to 17.8 kN, 27.14 kN/m, and 24.51 kN/m,
respectively.

The member cross-sections and the story connections for the optimum solutions using BA and GA for the
three base connection cases are shown in Tables 4 and 5, respectively.

It is obvious from the results and Fig. 16 that the most rigid connections, i.e., types 6 and 7 are mostly
chosen.

Furthermore, a comparison between the total frame cost, weight and roof drift of the optimum frames in the
current study with those in previous studies are shown in Table 6. The comparison shows that GA achieves a
better result than BA for all base connection cases, while both of the algorithms achieve better results than the
literature results using same base case, i.e., fixed base.

Figs. 18, 19, and 20 show the effect of different base connection cases on the roof drift, weight, and the total
frame cost, correspondingly, where these figures show that there is no difference between F and S cases except
minor increment in roof drift at S case, it indicates that the relative rotation of base connection is negligible
and the applied loads produce insignificant deformation on different base component using Kanvinde model.
On the other hand, H case obtains the highest cost, weight, and roof drift.
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Table 4 Member sections of optimum frames

Mem. grouping no. BA GA
Fand S H Fand S H
1 W24X68 W30X90 W24X68 W27X84
2 W24X55 W24X62 W24X55 W21X55
3 W18X35 W21X48 W18X35 W21X44
4 W24X68 W30X90 W24X68 W27X84
5 W24X55 W24X62 W24X55 W21X55
6 W18X35 W21X48 WI18X35 W21X44
7 WI18X35 W21X48 W16X31 W21X44
We
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Fig. 17 Single bay with a nine-story frame[17].

Table 5 Story connections of optimum frames
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Fig.18 The roof drift usingBA and GA Fig.19 The total frame weight using BA and GA
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Fig. 20 The total frame cost using BA and GA
Table 6 Comparisons between the current study and previous works.
Study Algorithm | Base case | Conn. type | T.s (mm) | W (kg) | T.C (kg)
F 1 56 38,718 40,520
F 2 55 32,617 36,235
F 3 66 14,809 16,881
Rafice et al. [22] BB-BC F 4 76 23,956 25,786
fee etk ] F 5 54 30,804 | 33488
F 6 65 33,481 35,799
F 7 44 43,450 53,601
F 8 71 44,527 46,146
F 1 79 18,693 | 21,486
F 2 73 13,182 17,886
F 3 70 13,468 15,464
Hadidi and Rafiee[21] | HS-PSO F 4 71 14288 | 16,499
acidiand Tatiee F 5 70 12901 | 15773
F 6 69 12,136 14,970
F 7 69 11,590 | 14,787
F 8 73 19,722 21,757
BB-BC F \'% 71 14,512 17,201
Hadidi and Rafiee[17] HS F \% 75 13,960 16,495
HS-BB-BC F \% 77 12,218 14,610
TLBO F \% 78 11,420 | 14,462
Shallan et al. [1]
GA F \'% 79 11,363 14,410
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S A% 80 11,363 14,410
GA
H v 82 13,233 16,934
Current study F v 78 11,420 14,461
BA S A% 79 11,420 14,461
H v 80 14,385 18,370

HS-PSO: Harmony search-based particle swarm optimization, T.s: Roof drift, W: Frame weight, T.C:
Total frame cost, V: Various.

11.2 Four bays with a ten-story frame.

Four bays with a ten-story frame is the second example. Fig. 21 shows the geometry of the frame, the
member grouping and the design loads. The load values of W, W, and W, are 44.49 kN, 47.46 kN/m, and
42.91 kN/m, respectively. The member sections and story connections for the optimum solutions using BA
and GA are shown in Tables 7 and 8, where as shown, the most rigid connections, i.e., types 6 and 7 are the
most repeated, while connection type 5 is usually selected for top stories, moreover the most flexible
connections, i.e., types 3 and 4 are chosen for middle stories.

Table 9 shows a comparison between the total frame cost of the optimum frame in the current study with
those from previous studies, besides the frame weight and roof drift, while Figs. 22, 23 and 24 show the
influence of base connection case on the roof drift, weight, and the total frame cost, respectively. As shown by
the comparisons and figures, GA obtains better results than BA, while both of the algorithms reach better
results than the literature results using the same base case, i.e., fixed base.

Moreover, there is an obvious relation between the base case and the total frame cost and weight, where the
lowest cost and weight result in S case. On the other hand, H case results in the highest cost, weight, and roof
drift.
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Fig. 21 Four bays with a ten-story frame [17]
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Table 7 Member sections of optimum frames

M G . BA GA
em. Grouping no. F S H F S H
1 W30X90 W27X84 W24X76 W27X84 W27X84 W24X76
2 W36X135 W30X116 W38X149 W33X118 | W33X118 | W30X108
3 W24X55 W21X44 W24X76 W24X76 W21X50 W24X55
4 W27X84 W30X90 W30X116 W24X76 W24X76 W24X76
5 W21X44 W21X44 W24X68 W24X55 W21X50 W18X35
6 W21X44 W24X55 W24X62 W21X44 W21X44 W21X44
7 W21X44 W21X44 W24X68 W18X40 W18X35 W16X31
8 W21X44 W16X31 W16X31 W16X31 W16X31 W16X31
9 W21X44 W21X44 W24X68 W21X44 W21X44 W24X76
10 W24X55 W21X44 W18X40 W24X55 W21X50 W21X44
11 W18X35 W18X35 W18X35 W18X35 W18X35 W18X35
12 W16X31 W16X31 W16X31 W16X31 W16X31 W16X31
Table 8 Story connections of optimum frames.
Story BA GA mm ==Ga =H-Ba
no. F S H F S H %0
1 7 7 5 6 7 7
2 6 | 6 4 6 | 7 4 75
3 6 6 6 6 6 3 70 A
4 4 4 2 8 6 6 65 Y/
5 4 6 5 6 3 6 60
6 6 4 7 4 6 6 55
7 3 2 7 3 6 7 50
8 2 7 5 7 7 5 ' ' '
9 2 5 5 5 5 5 Fixed Semi-rigid Hinged
10 5 5 5 5 5 5
Fig.22 The roof drift using BA and GA
kg —=Ga =BA kg ——GA =B
40,000 / 50,000
48,000
38,000 ’ /.
/ 46,000 7
36,000 / 44,000
34,000 \/ 42,000 -
40,000
32,000 !
’ 38,000
30,000 . . ) 36,000 , ,
Fixed  Semi-rigid  Hinged Fixed Semi-rigid  Hinged

Fig.23 The total frame weight using BA and GA
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Table 9 Comparisons between the current study and previous works

Study Algorithm Base case Conn.type T.s (mm) W (kg) T.C (kg)
F 1 67 128,418 140,744
F 2 25 195,578 237,050
F 3 35 100,254 106,868
Rafice et al. BB.BC F 4 58 87,432 93,255
[22] F 5 37 111,865 123,743
F 6 40 103,357 113,055
F 7 26 150,274 204,773
F 8 56 126,120 136,881
F 1 76 52,196 58,939
F 2 62 43,746 55,118
F 3 58 40,040 46,328
i F 4 68 41,853 47,788
}lllzz‘:tiilgellgrll;i HS-PSO F 5 63 38,532 46,407
F 6 48 37,950 46,469
F 7 49 38,737 47,328
F 8 75 47,018 53,489
BB-BC F \Y% 41 114,133 120,891
}1111(23:[?71? HS F v 55 50.772 60.691
HS-BB-BC F \Y% 68 38,115 44,343
Shallan et al. TLBO F \Y% 68 34,507 41,827
(1] GA F \Ys 75 34,786 41,676
A S \Y% 63 33,564 40,640
H \Y% 77 35,624 44,276
Cs‘glffy“t F v 69 35.308 43,000
BA S \Y% 70 33,896 40,976
H \Y% 75 39,975 48,640

11.3 Three bays with a twenty-four-story frame.

The third example is the 168-member frame. Its geometry, accompanied by the member grouping and design
loads are shown in Fig. 25. The W, W, W,, W3, and W, loads have values of 25.628 kN, 4.378 kN/m, 6.362
kN/m, 6.917 kN/m, and 5.954 kN/m, respectively.

The story connections and member sections for the optimum solutions using BA and GA are shown in
Tables 10 and 11, where as shown, the 3 floor and above usually attains the most rigid connections, i.e., types
6 and 7, then, followed by more flexible connections, i.e., types 3, 4, and 8 till the most flexible connection,
type 1, for the roof floor.

Table 12 presents a comparison between the total frame cost of the optimum frame in the current study with
those from previous studies, along with the frame weight and roof drift. While Figs. 26, 27 and 28 display the
effect of base connection case on the roof drift, weight, and the total frame cost, respectively. As shown from
the comparisons and the figures, and similar to the previous examples, GA attains better results than BA, while
both of the algorithms attain better results than the literature results using same base case, i.e., fixed base.

Furthermore, there is an apparent relation between the base case and the total frame cost and weight,
whereas the lowest cost and weight are attained in S case. In contrast, the worst results, i.c., highest cost,
weight, and roof drift result in H case.
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Table 10 Story connections of optimum frames

St BA GA
ory no.

y F S H F S H
1,2 2 7 2 7 7 2
34 2 7 2 7 7 2
5,6 7 7 7 7 7 7
7,8 7 6 7 7 7 7
9,10 7 6 7 7 6 7

11,12 7 6 7 7 6 6

13,14 6 6 6 6 6 7

15,16 6 6 6 6 3 6

17,18 3 4 3 3 4 3

19,20 4 4 3 4 4 4

21,22 8 8 8 8 8 8

23,24 1 1 1 1 1 1
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Fig. 25 Three bays with a twenty-four-story frame [17]
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Table 11 Member sections of optimum frames

Mem. BA GA
grouping no. F S H F S H
1 W24X68 W27X84 W24X68 W24X84 W27X84 W24X68
2 WI12X14 WIi12X14 W16X31 W10X12 W10X12 W12X14
3 W30X90 W33X118 W30X116 W30X90 W24X76 W30X116
4 W8X10 W10X12 W12X14 W10X12 W8X10 W8X10
5 W33X130 W30X90 W39X167 W30X108 W33X118 W39X167
6 W33X130 W30X90 W39X167 W30X99 W33X118 W33X130
7 W33X118 W30X90 W38X149 W30X99 W30X116 W30X99
8 W30X116 W30X90 W30X90 W30X99 W30X90 W30X99
9 W24X68 W30X90 W30X90 W30X90 W27X84 W24X84
10 W24X68 W30X90 W27X84 W30X90 W27X84 W24X84
11 W24X68 W27X84 W27X84 W30X90 W27X84 W24X68
12 W24X68 W27X84 W24X68 W30X90 W27X84 W24X68
13 W38X149 W33X118 W43X230 W33X118 W33X118 W43X262
14 W38X149 W33X118 W33X130 W33X118 W30X90 W33X118
15 W38X149 W33X118 W33X130 W33X118 W30X90 W33X118
16 W38X149 W30X99 W30X90 W33X118 W30X90 W30X108
17 W38X149 W30X99 W30X90 W30X90 W27X84 W27X84
18 W38X149 W30X99 W30X90 W30X90 W27X84 W24X68
19 W30X99 W30X99 W24X84 W30X90 W27X84 W24X68
20 W30X99 W30X90 W24X84 W24X84 W27X84 W24X68
mm ——Ga —B-Ba ke ——Ga —EBA

” oo T

280 ,

270 t-\// 104,000 —

260

250 - - - u 102,000 — <>

240 100,000

230 T : ) 98,000 T \
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Fig. 26 The roof drift using BA and GA

Fig. 27 The total frame weight using BA and GA

kg
——Ga =B
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140,000 B — |
130,000 ‘\/
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Fig. 28 The total frame cost using BA and GA
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Table 12 Comparison between the current study and previous works

Study Algorithm Base case | Conn. type | T.s (mm) W (kg) T.C (kg)

F 1 204 381,754 502,197

F 2 245 139,161 202,737

F 3 170 236,249 267,414

Rafiee et al. BB.BC F 4 184 211,149 249,806
[22] F 5 237 140,536 171,868

F 6 231 150,362 176,864

F 7 240 359,372 385,074

F 8 190 297,834 383,738

F 1 200 384,890 505,366

F 2 245 135,368 189,791

F 3 194 172,004 205,473

Hadidi and HSPSO F 4 208 175,521 210,296
Rafiee[21] F 5 238 133,930 162,582
F 6 217 137,054 165,828

F 7 221 125,589 156,161

F 8 203 261,722 341,798

Hadidi and BB-BC F v 212 238,721 260,152
R*; ﬁ‘e;[*;';] HS F % 174 209,040 289,580
HS-BB-BC F % 255 132,313 151,481

Shallan et al. TLBO F v 263 105,550 131,322
] GA F % 268 102,778 128,226

GA S % 265 101,289 126,065

H v 283 101,977 133,795

C;fl?y“t F v 252 106657 | 137,764
BA S % 252 106,435 136,530

H v 253 107,156 139,508

XII. CONCLUSIONS

Accurate simulation of semi-rigid beam-to-column connections, along with semi-rigid base connections is
very significant to attain accurate results for frame response. This study attempts to make an optimization for
semi-rigid frames, whereas semi-rigid beam-to-column and base connections are simulated using logical Frye
and Morris and Kanvindemodels, respectively. The current study is applied to three benchmark problems using
two of the best optimization algorithms, BA and GA, and the following results are obtained.

e There is a noticeable relationship between the base case with the cost and weight of the frame, where, semi-
rigid base case produces the lowest cost and weight in comparison with fixed and hinged base cases.

o Conversely, hinge base case results in the highestcost, weight, and roof drift.

¢ For the distribution of beam-to-column connections types through frame floors, the distribution mostly begins
with the stiffest types for lower floors and as the floors get higher as they get more flexible types.

e More obviously shown by the results, GA attains better results than BA for all examples and for all base cases.
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