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Abstract

Optimization of steel moment frames has been widely studied in the literature without considering shear de-
formation of panel-zones which is well-known to decrease the load-carrying capacity and increase the drift of
structures. In this paper, a robust method for optimizing steel moment frames is developed in which the panel-
zone design is considered by using doubler plates. The objective function is the total cost of beams, columns,
and panel-zone reinforcement. The strength and serviceability constraints are evaluated by using a direct design
method to capture the nonlinear inelastic behaviors of the structure. An adaptive differential evolution algorithm
is developed for this optimization problem. The new algorithm is featured by a self-adaptive mutation strategy
based on the p-best method to enhance the balance between global and local searches. A five-bay five-story
steel moment frame subjected to several load combinations is studied to demonstrate the efficiency of the pro-
posed method. The numerical results also show that panel-zone design should be included in the optimization
process to yield more reasonable optimum designs.
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1. Introduction

Moment frame or moment-resisting frame is a frame with rigid beam-to-column connections.
This structure has been widely used for a long time since it is suitable for multi-story buildings and
superior earthquake resistance. Cost optimization of a moment frame is often to minimize the total
structural cost or weight by selecting the sections of beams and columns in a discrete pre-defined
list while all strength, serviceability and constructability constraints are guaranteed. This implies that
cost optimization of moment frames is highly nonlinear and finding optimal solutions is impossible
in almost case studies. Normally, meta-heuristic algorithms that can find sufficiently good but not
optimal solutions are employed. The efficiency of meta-heuristic algorithms for structural design has
been proved by the results of many studies in the literature, for example, Refs. [1-8]. Besides that,
lots of meta-heuristic algorithms have been proposed such as big bang-big crunch (BB-BC) [9],
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differential evolution (DE) [10], enhanced colliding bodies optimization (ECBO) [11], and harmony
search (HS) [12].

In the optimization process, strength and serviceability constraints are evaluated by using struc-
tural analyses that can be categorized into 2 groups such as linear and nonlinear analyses. Using non-
linear analyses not only captures the nonlinear inelastic behaviors of structures but also yields lighter
and more realistic optimum designs [13]. Among several methods for structural nonlinear analysis, the
direct design has been favored recently. In the direct design approach, the ultimate load-carrying ca-
pacity of the whole system and nonlinear relationship between structural responses and applied load-
ing are captured instead of the individual member check in the member-based design method. Some
researches in the literature about direct design and using direct design for structural optimization are
Refs. [14-18], among others. However, structural analysis using direct design methods requires much
more time-computing compared to linear analysis methods, hence structural optimization using direct
design often has an excessive computational effort.

In this study, a robust method for optimization of steel moment frames using a direct design
method is introduced. A major advantage of the proposed method is that the time-computing is much
more reduced, so the optimization of nonlinear steel frames can be performed with a very large num-
ber of objective function evaluations in an acceptable computational time. To do this, a direct design
method using beam-column elements is used that saves significant time-computing. Furthermore, an
improved DE method is developed using a self-adaptive mutation strategy based on the p-best method,
named as EapDE, to enhance the balance between global and local searches. The panel-zone shear
deformation is prevented by reinforcement of panel-zones using doubler plates. A five-bay five-story
steel moment frame subjected to several load combinations is studied to demonstrate the efficiency
of the proposed method.

2. Panel-zone reinforcement method
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Figure 1. Typical panel-zone area [19]

Considering a typical panel-zone area as presented in Fig. 1. The shear force at the panel-zone is

calculated as [20]:
E F. = Imul + 1Mu2 —V (1)
“0.95d,1  0.95d,, !

where M, and M,, are the factored moments on the left and right beams, respectively; V,, is the
factored shear force on column; d,,; and d,,; are the heights of the right and left beams, respectively.
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The nominal strength at the panel-zone is calculated as [20]:
V, = 0.60F,d.t, if P, <0.40P, (2a)

V, = 0.60F,d.t, (1.4 - %) if P, > 0.40P, (2b)
y
where F) is the yield strength of steel for the column; d. and 7, are the height and the thickness of
the column web, respectively; P, and P, are the axial force and axial yield strength of the column,
respectively. Py is determined as: Py, = FyA, where A, is the cross-sectional area of the column. If
Z F, is greater than ¢V}, the panel-zone area will be yielded and the reinforcement design of the
panel-zone area is necessary. ¢ is the resistance factor which is equal to 0.9 in this study.

Panel-zones can be designed by using [19]: (i) reinforcing the column web to guarantee the static
behaviors for the panel-zone area and so the panel-zone shear deformation is ignored; and, (ii) allow-
ing panel-zone yielded and then the panel-zone shear deformation has to be considered in structural
design. In both approaches, the panel-zone reinforcement by using doubler plates or stiffeners re-
quires. However, the first approach is simpler in the analysis but requires thicker doubler plates than
the second approach. In this paper, the design of panel-zones using the first approach is used. The
total thickness of the required doubler plate(s), #par, is calculated as follows:

tpiate = D F/( H0.60F, ;) ~ I if P, <0.40P, (3a)

torae = 24 F "/(¢o.60Fydc (1.4 - %)) —t,  if P, > 0.40P, (3b)
}

3. Formulation of the optimization problem

3.1. Objective function

Cost optimization of steel moment frames is defined as the minimization of the total cost of the
structure including the cost of beams, columns, and panel-zone reinforcement. The cost of beams and
columns is easily predicted by using the unit price of steel and the total weight of these members.
However, the cost of panel-zone reinforcement including the material cost of doubler plates and weld-
ing cost is highly dependent on the labor cost that is based on the characteristics and location of each
structure. For simplicity, Ha et al. [17] proposed an equation to transfer the panel-zone reinforcement
cost to structural steel cost based on the current material and labor costs in the USA. The cost of a
panel-zone reinforcement can be estimated as [17]

TP = Cymcrratsieel X (25000 X tpiare X (h + b) + 7850 X tpiare X h X b) (kg) (4)

where & and b are the height and width of the doubler plate(s) with their unit of meter, respectively;
Cstructuralsteel 18 the steel material price per weight. Assuming that the height of the doubler plate at
a panel-zone is equal to the greater value of the heights of the left and right beams. And, the width
of the doubler plated is equal to 95% the height of the column web. The cost objective function of
the structure is therefore simplified as the following weight function by neglecting the steel price per
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weight (or assuming Cyrucruratsteel = 1):

min7T (X) =W (X) + Wpanel (X)

nm n; np
=py (A )y Lq] + (25000 X tytate X (h; + b;) + 7850 X tpiare,j X h; X b;)  (5)
i=1 g=1 =1

X:(xl’x2’~~~7xnm)> xle[laUBl]

where W (X) and W4, (X) are the total weight of the beams and columns and the reinforcement
cost of panel-zones, respectively; X is the vector of design variables which are the integer values
representing the sequence numbers of the cross-section types used for the beams and column in the
variable space; UB; is the number of W-shaped sections available for the i group of beams and
columns; p is the specific weight of steel; n; is the number of frame members in the i’ group; A (x;)
is the cross-section of the i design variable; and, L, is the fabricated length of member g in the i
group; np is the number of reinforced panel-zones. Note that, the length of a beam is the distance
between two column nodes but not include the column height.

3.2. Constraints

In this study, constructability constraints include the provisions at column-to-column connections
so that the height of the upper column segment must not be larger than the lower column segment.
Besides, at the beam-to-column connections, the width of the beam flanges should not be greater
than the width of the column flange. If the beam is connected to the column web, the width of the
beam flange should not be greater than the height of the column web. These conditions are formulated
as follows:

Duppercolumn
G (X) = (Dz—z;n) —1<0, izl )
c i
CCOH(X)_ bﬂ -1<0 i=1 n (6b)
i’z = b({f ' > 9 - s e lp—cl
i
b
Co3(X) = (%) —150, i=1.mpo (6c)
c /i

in which n._., np_+1 and np_» are the connection numbers of column-to-column, beam-to-column
flange, and beam-to-column web, respectively; D“PP<""™ and plowercolimn are the upper- and lower-
column segment depths at a column-to-column joint, respectively; b.r and by are the flange widths
of the column and beam at a beam-to-column flange joint, respectively; b, s> and T, are the beam
flange width column web height at a beam-to-column web joint.

In this paper, the strength constraint of the frame subjected to the j strength load combination is

evaluated by using direct design as presented as follows:

t Rj .
C;r(X)ZI—S—SO, j=1, .. ng (7
J

where R; and S ; are the structural load-carrying capacity and the factored loads. The ratio R;/S ; is
called the structural ultimate load factor.
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The serviceability constraints include the lateral drift for the top story sway and inter-story drifts
for each floor that are formulated as

i D
CZrlft(X)Z D—ﬁ —1S0, j:l,...,nstr, kzl""?”Ser (83)
k
1
Cil (X) = d, <0, =1 Pl 0
k - T,Z —h=1Y - ’---,nstory, =1,...,Nger ( )
k

where Dy and D; are the lateral drift of the top story and its allowable value, respectively; d,l( and
d]‘:’[ are the inter-story drift of the l’hstory and its allowable value, respectively; nyq,y is the number of
structural stories; and, g, is the number of the considered serviceability load combinations.

3.3. Constraint handling using the penalty function method

The above-constrained optimization problem can be transformed into an unconstrained optimiza-
tion problem by using the penalty function method as follows:

Tuncons X) = W(X) X (1 + @eonff1 + @suff2 + @insB3) + Wpanel (X) (9a)

where

Neon
B1 = Z (max (Cz‘l’”, 0) + max (Cl“ﬁ", ) + max (Cig", ))
J=1
Nstr
B = Z (max (C;f”, 0)) (9b)
J=1
Rger ) Rstory
B3 = Z max (Cznﬂ,O) + Z max (C]’C””l, 0)
k=1 =1
in which a,,,, @y, and a;,s are the penalty parameters of the geometric constructability, strength, and
inter-story drift constraints, respectively.

4. Improved DE algorithm

The DE, a population-based metaheuristics algorithm, was proposed by Storn and Price [10] in
1997. Up to now, many modified versions of DE have been developed in the literature and prove
this algorithm as one of the most efficient methods and is suitable for solving various optimization
problems. Regarding the optimization of steel frames, the authors and the colleague introduced a new
and efficient DE-based method in 2020, named as mEpDE [17]. Compared to the conventional DE
method, mEpDE has several improvements such as (i) using a new mutation strategy based on the p-
best method to balance the local and global searches; (i1) Developing the multi-comparison technique
(MCT) to efficiently reduce the number of structural analysis calls for evaluating the strength and
serviceability constraints; (ii) Developing the Promising Individual Method (PIM) that effectively
chooses trial individuals; (iv) Avoiding repetitive same individual evaluations by using a matrix to
contain all evaluated individuals. Numerical results provided in Ref. [17] showed the robustness of
mEpDE compared to several new and efficient metaheuristic algorithms for steel frame optimization.
However, in this study, we will use a self-adaptive mutation strategy based on the p-best method that
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can improve the performance of mEpDE for optimization of steel moment frames. Other techniques
remain the same as implemented in mEpDE. The new optimization method is named as EapDE.

In the conventional DE method, ‘DE/rand/1’ and ‘DE/best/1’ are two common mutation strategies
that have opposite effects in the balance of global and local searches of the optimization. Specifically,
the trial individual is generated based on a random individual and the best individual corresponding
to using ‘DE/rand/1’ and ‘DE/best/1’. Therefore, ‘DE/rand/1’ is better at global exploration but con-
verges more slowly compared to ‘DE/best/1’. To take advantage of these methods, the ‘DE/pbest/1’
strategy is used in the mEpDE method where p for the k”* iteration of the optimization process is
calculated as

pk)=AX nm(_memLizke%) (10)

where A and B are predefined parameters; total_iteration is the predefined value for the maximum
number of iterations. In the ‘DE/pbest/1’ strategy, the trial individual is generated based on a random
individual in the top 100p% (p € (0, 1]) of the current population. Furthermore, from Eq. (10) we
have p(1) = A so A is the parameter to control the number of the best individuals used at the be-
ginning of the optimization process. And, if B increases the decline of p increases. Hence, B is used
to control the decline speed of the number of the best individuals used. Besides that, if A and B are
equal to 1.0, ‘DE/rand/1” and ‘DE/best/1’ are used at the beginning and the end of the optimization,
respectively. Eq. (10) is an approach where the value p is predefined without considering the popula-
tion characteristics and their changes in the optimization process. It should be noted that the diversity
and convergence of the population can be predicted based on the change values of the individuals
in the population. Many indicators representing the diversity of the population are developed in the
literature, for example [21]:

L D Xei— X 2 L
DI = NP Z(W) o XCi = p ) Kk (11)
k=1 i=1 i i k=1

where NP is the number of individuals in the population; D is the number of design variables; xi ;
is the value of the design variable i of the individual k" xl.U B and xiLB are the upper- and lower-
bounds of the design variable i; and, DI is defined as the diversity index of the population at the
k™ iteration. DI, represents the individual distribution around the center of the current population.
If DI is great, we can guess that the individuals are still highly dispersed, so maintenance of the
diversity of individuals is preferred or large p value should be used and vice versa. In light of this, the
following equation is used to calculate p [21]:

1 1\ DIy
p=—+[1-—|x=2 (12)
NP NP|” D,

5. Case study

In this section, a five-bay five-story steel moment frame with the geometry presented in Fig. 2
is studied to demonstrate the efficiency of the proposed method. The initial story out-of-plumbness
is 1/500 . The initial imperfection of beams is not considered. The steel material used for the whole
structure is ASTM A992 with the elastic modulus of £ = 200 GPa, the yield stress of Fy = 344.7 MPa
and the weight per unit volume of 7,850 kg/m3. Doubler plates are reinforced using 4 thicknesses such
as 3/16 inches (4.7625 mm), 3/8 inches (9.525 mm), 5/8 inches (15.875 mm), and 1 inches (25.4 mm).
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Figure 2. Five bay-five story steel frame [17]

The dead load (DL), live load (LL) and wind load (W) as presented in Fig. 2 are equal to 35 kN/m, 25
kN/m and 28 kN, respectively.

The columns and beams are grouped into 15 cross-sections where 267 sections from W10-W44
of AISC-LRFD are used for the beam members and 158 sections from W12, W14, W18, W21, W24,
and W27 are used for the column members. Two strength load combinations: (1.2DL + 1.6LL) and
(1.2DL + 1.6W + 0.5LL) and one serviceability load combination (1.0DL + 0.7W + 0.5LL) are con-
sidered. The allowable inter-story drift is 7#/400, where & is the frame story height. There are a total
of 21 constraints considered including 18 constructability constraints, 2 strength constraints, and 1
serviceability constraint.

To demonstrate the efficiency of the proposed method, only the mEpDE method is employed for
comparison since mEpDE is much better than several new and efficient optimization methods for the
optimization of steel frames as provided in Ref. [17]. The parameters used for the proposed method
and mEpDE are: NP = 25, max_iteration = 4000; A = 1.0; B = 1.0; scale factor F' = 0.7; crossover
rate CR is randomly generated in the range (0,1). The termination of the optimization process is
defined as the best objective function is not improved in 1,000 consecutive iterations or the number
of iteration reaches max_iteration. The strength and serviceability constraints are evaluated by using
the PAAP program, a robust direct design program for steel structures [22].

Table 1 presents the best optimum designs obtained by using the proposed method (EapDE) and
mEpDE, where 20 optimization runs are performed for each case. As can be seen in this table, the
EapDE yields the best optimum design with a total weight of the frame of 18,566 kg, which is smaller
than one of mEpDE with 18,687 kg. The worst weight of the optimum design of 19,073 kg by using
EapDE is also smaller than 19,149 kg of mEpDE. This means that EapDE can find a better optimum
design of the frame than mEpDE. The required structural analyses of EapDE are only 22,733 that is
smaller than 20,462 of mEpDE. The reason is that, in the EapDE method, the p value is changed ac-
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Table 1. Optimization results of five bay-five story steel frame

Element group of best design EapDE mEpDE
1 W18 x 40 W18 x 35
2 W18 x 40 W14 x 30
3 W12 x 26 W12 x 26
4 W24 x 62 W24 x 68
5 W24 x 55 W24 x 55
6 W24 x 55 W24 x 55
7 W27 x 114 W27 x 102
8 W24 x 62 W24 x 62
9 W24 x 55 W24 x 62
10 W12 x 22 W14 x 22
11 W14 x 22 W16 x 26
12 W16 x 26 W16 x 26
13 W21 x 44 W18 x 46
14 W24 x 55 W24 x 55
15 W21 x 57 W24 x 55
Best weight (kg) 18,566 18,730
Beams weight (kg) 7,656 7,961
Columns weight (kg) 9,491 9,115
Panel cost of the best design (kg) 1,419 1,654
Normalized constraint evaluation of (1.2DL + 1.6LL) 1.0058 1.0042
Normalized constraint evaluation of (1.2DL + 1.6W + 0.5LL) 1.3909 1.4314
Normalized constraint evaluation of (1.0DL + 0.7W + 0.5LL) 0.6354 0.6238
Worst weight (kg) 19,073 19,149
Avg. weight (kg) 18,707 18,872
Avg. number of structural analysis 22,733 20,462
Avg. computational time (hour) 6.2 6.2

o 29000 EapDE (proposed method)

i‘: L e | L —— mEpDE

25000 -

=

2 23000 -

~§ 21000 -

Z 19000 -

& 17000 -

15000 . ; . .
0 20000 40000 60000 80000 100000

Objective function evaluation

Figure 3. Convergence histories of best optimum designs
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cording to the convergence speed of the population. Therefore, the diversity of the population remains
better than ones of mEpDE where the p value is predefined as discussed in Section 4. It is also should
be noted that with three load combinations considered, the total number of structural analyses for
this optimization problem is 300,000. Therefore, the time-computing of both methods is only about
6.2 hours although the total objective function evaluations of 300,000 are very great. This means that
both EapDE and mEpDE efficiently reduce the number of required structural analyses. Furthermore,
Fig. 3 presents the convergence histories of the best optimum designs of EapDE and mEpDE. As can
be seen in this figure, the convergence speeds of the two methods are almost the same. Besides that,
Fig. 4 shows the panel-zone reinforcement of the best optimum design of two methods.

W16x26 W16x26 W21x57 W16x26 W16x26
= L ~
O a) a) wy wy O
o wy wy wy wy o~
el > > > > >
o <t <t < < o
—_— o o o™ o™ —
= Wi4x22 & wiax22 = W24x55 Pl w2 B w2
(=1 vy 74 74 74 (=3
< wy o K=} wy <t
> > > > - >
& <+ <+ = <r =
— o o~ o™ o — E
= Wi = Wiax22 Z W24x55 = Wia2 Z w2 | Z
H =
(=] vy o ol el (=3
< s} el e} s} < [}
»® > > > ] ]
&% < < < <+ % g
—_— o o o™ N — o
= Wiz & Wiz 2 W2lxd4 5 wizx22 & wizx22 Z| o
= = b
(=1 ol — — ol (=3
< o — — o <t
* > > > > >
% < I o~ < 3
— o~ o~ o™ o —
= wiz2 F wiax22 F W21x44 = wiz2 F wiz2 F
=3 =
(=3 ol —_— — ol (=1
< o — — =) <t
»® > > el < >
— o™ o™ o™ o —
= 7’1/500 = 7’1/500 = 7’1/500 = Zl/soo = Zl/soo = /50
7777 7777 Vecscd 77 77 Veas —
L 6.0 m L 6.0 m | 11.0 m | 6.0 m | 6.0 m |
£ 7 7 7 7 71
I Design doubler plate(s) 1x3/16 (in)
[] Design doubler plate(s) 1x3/8 (in)
(a) Using the EapDE method
W16x26 W16x26 W24x55 W16x26 W16x26
L — —r
O el ol o el O
o~ wy =} el wy o
> » > > » el
o < < < N o
— o o o™ o -
= wiex2s = Wiex26 = W24x55 = wiex2s = wiex26 =
L] L
(=3 al ol o vy [=J
(23] wy O o wy o
3 e Bl o > >
<+ < < < o <+
— o™ o o o™ — E
= Wiex26 = Wiex26 = W24x55 = wiex26 = wiex2s =| &
[ = L M
(=3 vy ol ol vy =3
o vy N} Ne) vy 1) ]
> > > > > >
<+ = = & & % =
— o o™ o o — o
= Widx22 & Widx22 F W18x46 = Widx22 & Wi4x22 Z|
S =] b
2 2 E g 2 5
> > > > » >
oo < o~ ~ <t oo
— o o o™ o bl
= Wi4x22 = Wiax22 = W18x46 = Wi4x22 = Wix22 =
L ] = = L]
el oo (=] (=] oo sl
(2g] o — — =} o
> » el > » el
— o o o™ o -
= Z]/soo = 71/500 = 7/1/500 = ZI/SOO = 7/1/500 = 71/50
777 7777 17777 777 7777 17777 —
L 6.0 m | 6.0m | 11.0m | 6.0m L 6.0 m |
1 7 7 7 7 7

I Design doubler plate(s) 1x3/16 (in)
["] Design doubler plate(s) 1x3/8 (in)

(b) Using the mEpDE method

Figure 4. Best optimum design of five bay-five story steel frame
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6. Conclusions

An efficient method for optimizing steel moment frames with the panel-zone design using dou-
bler plate(s) was successfully developed in this work. In the proposed method, a direct design method
using beam-column elements is used to model the structure that significantly reduces the computa-
tional cost. An improved DE method is developed using a self-adaptive mutation strategy based on
the p-best method to enhance the balance between global and local searches. Numerical results of
the optimization of a five-bay five-story steel moment frame subjected to several load combinations
prove that the proposed method not only can find better the optimum design of the structure but also
efficiently saves the computational efforts.
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