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Structural design is a process of determining an optimal solution by repeating hypotheses and verification pro-
cesses with numerous design variables. To acquire a more appropriate solution, a mathematical model for struc-
tural design is proposed to find the optimal solution. While many studies have proposed the minimum weight
design for steel frames, a mathematical model should be considered in the manufacturing and installation pro-
cess in order to solve practical issues. In this study, a multi-objective model was proposed to consider not only
the cost of materials, but also processing and welding costs. A penalty function was also used to reflect the con-
structability and on-site applicability of the structure. A genetic algorithmwas used to determine the optimal so-
lution, and the results of the optimal design analysis were compared and analyzed based on a three-story
numerical example. Analysis of the numerical example resulted in offering a smaller number of types ofmaterials
whose size and arrangement allowed for easier construction, compared to that of the optimal design that only
considered weight. Furthermore, the welding cost allowed for the optimum design with improved on-site con-
structability was also considered.
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1. Introduction

A tendency for a structure to bedeeply related to an architectural de-
sign has been increasing because the complex and advanced structural
analysis can be easily and quickly carried out through the effective use
of high-performance computers. With many factors interacting with
each other in the design, such as consideration of environmental issues
and a long-term plan for longer life of building, the role of structural de-
signers has become more complex and also important.

The structural design, which plays an important role in the design
process, generally includes the accumulation of three actions, a creative
action to propose several structural systems for a variety of architectural
plans and required performance, analysis action of mechanical proper-
ties and various indices for the structural system, and a determination
action to select a structural system. Also included are a number of repet-
itive processes in which trial and error between assumptions at each
stage is done toward the selection of final solutions, thanks to the enor-
mous effort of engineers.

On the other hand, most steel structures are composed of standard-
ized members produced at a factory. By using computers to do the re-
petitive trial and error in the structural design, the research for
proposal of structural design solution becomes popular and has been
carried out intensively in recent years. The aim is to find out the limit
value of an objective function constructed based on theweight and stiff-
ness of the members. However, it is not only difficult to mathematically
treat those discrete variables but also inevitable to accept the enor-
mously large calculation load as the number of design variables
increases.

Since a new technique of genetic algorithm based on natural genet-
ics which can handle discrete variables with ease has emerged [1] and
spread [2], a number of papers have been published on structural opti-
mization of space structures, trusses and steel structures using this
method in the literature [3,4,5,6,7,8]. Also, there is little research focus-
ing on the connections between beams and columns not only consider-
ing their structural performance as semi-rigid instead of rigid but also
reducing the total cost of a structure in the steel frame structure field
[9,10,11,12,13]. Moreover, in multi-objective optimization, genetic al-
gorithms have been used as tools to solve problems [14], and separative
objective functions including structure conditions, safety and cumula-
tive life cycle maintenance cost, have been treated over the last decade
[15,16].

Although a number of studies show that their own proposed
methods are relevant in order to obtain the optimal solution in each ob-
jective function, and themethodsmake best use of the characteristics of
optimization techniques and high-performance computers, the re-
search is not sufficiently focused on practical structural design and the
methods are not available for practical use directly on site.
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In this paper, a structural design support scheme is proposed to con-
centrate on the essential design processes by saving time, while leaving
a number of repetitive processes in trial and error between assumptions
at each stage to a computer, for the solution selection with the use of
single and multi-objective genetic algorithm [17]. In addition, through
various applications to steel frame structure models such as rigid-
frame, X-type braced frame and K-type braced frame, it has been clearly
shown that one can obtain other alternative design solutions at lower
cost and proper drift angle in the proposed structural system [17,18].

The proposed design support scheme is here extended and its valid-
ity confirmed considering not only the manufacturing cost in the pro-
cess for making steel members, the welding cost for connecting
beams and columns as well as steel cost which is considered until
now in the scheme, but also the penalty function which is given to the
optimization problem in order to ensure the constructability of the
beam-column connection for amore practical use of the design support
scheme.

2. Optimization method

2.1. Structural design support scheme

A genetic algorithm is an optimization method based mainly on the
concept of natural selection and evolutionary process, and it provides an
effective method for the resolution of a nonlinear or combination
Fig. 1. Flowchart for structur
problem. This algorithm repeats optimization operations, such as repro-
duction, crossover andmutation. It can search for a global optimal solu-
tion, and find better solutions in a short time, when the optimization
problem treats especially discrete variables.

As shown in Fig. 1, the authors proposed a structural design support
scheme that produces optimal structure solutions in the cost minimiza-
tion of a single objective as well as in both of the cost minimization and
safety maximization as a multi-objective optimization. Optimization
calculations are carried out with a distributed genetic algorithm
(DGA) as proposed by Tanese [19] for single objective optimization,
and a strength pareto evolutionary algorithm 2 (SPEA2) is proposed
by Zitzler et al. [20] for multi-objective optimization. In this paper, the
cost minimization will be first carried out for the proposed structural
design support scheme.

2.2. Optimization problem formulation

The optimization problem defined as a cost minimization problem
for steel structures satisfying not only the Japanese code of allowable
stress design but also the given constraint conditions can be expressed
as follows:

minimize C xð Þ;
subject to gi≤0;

ð1Þ
al design optimization.
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where C presents the evaluation cost for structure, x is the cross sec-
tion vector of themembers and gi is the i-th constraint conditon, respec-
tively. The problem for determining the maximum value of objective
function of f can be expressed as follows:

maximize f xð Þ ¼ 1
C xð Þ ;

subject to gi≤0:
ð2Þ

In addition, when the function is not satisfied in the given constraint
conditions, a new objective function h(x), which is f(x) multiplied by
the penalty function, would be formulated as follows:

maximize h xð Þ ¼ f xð Þ∏
j
γ j: ð3Þ

The penalty function γj (≤1) in Eq. (3) is a value corresponding to a
degree of constraint condition violation when the prescribed condition
is not satisfied, and makes it easy to cull the individual in the next gen-
eration by multiplying the value by the evaluation function.

3. Evaluation cost

Previous studies on the structural optimization for steel structures
have usually been carried out to make a smaller member section, and
most of them deal with the cost minimization problem by only evaluat-
ing steel cost per unit weight. Moreover, in the initial stages of practical
structural design, the cost for evaluation has been estimated only based
on the steel material cost.

On the other hand, even though the optimization in steel structures
has been the focus of a number of recent studies, because this work fo-
cusesmainly on theminimization of weight and steel cost only depend-
ing onweight, notmany optimizationmethods can be used in structural
design site withoutmodification and the effort of designers. Though de-
termination of member size has always been a part of the structural de-
sign process, the idea of optimizing structures with respect to
manufacturing details, such as connection fabrication, has not been
much explored.

In the area of structural optimization, Jarmai et al. have presented a
cost model for welded steel structures [21]. The method determines
Fig. 2. Production proces
cost information in terms of the estimated time of various fabrication
activities. A more detailed cost function which considers both
manufacturing costs as well as material costs of the whole structure in
great detail has been proposed by Pavlovčič et al., and it is implemented
in the optimization system for planar steel frames [22]. Iqbal et al. stud-
ied various cost modeling methodologies as those applicable to engi-
neering design with multi-objective cost function [23]. In addition, in
the recent studies by Shimizu et al. [24], even though not only steel pro-
duction cost by analysis of the quotation documents of the real steel
production cost at the factory but also labor time by obtained question-
naires of steel company is included in the evaluation cost in order to
consider the applicability to the practical design of the minimum cost
design solution, it is nevertheless difficult to say that the cost is suffi-
cient to generalize the evaluation cost because of the expected variation
in the cost of production and processing of steelmembers depending on
the company.

On the other hand, the structural design support scheme proposed
by the authors [17,18] that can propose Pareto solutions to the structur-
al designer by dealingwithmulti-objective function inwhich drift angle
and steel cost are considered as structural performance and economy
factors, respectively, is also incomplete for practical use, because only
the steel cost per unit weight is treated as the evaluation cost, although
its validity was confirmed as a tool for the design support scheme and
formulation. For a more practical use, the proposed structural design
support scheme evaluates amore detailed cost in the objective function
as follows:

C ¼ Csteel þ Cfactory þ Cwelding; ð4Þ

where C is the evaluation cost of the structure, Csteel is the steel cost,
Cfactory is the production and assembly cost and Cwelding is the welding
cost, respectively. In order to reflect the market price directly in the
scheme, we extract from the literature the manufacturing cost in the
process for making steel members and the welding cost for connecting
beams and columns, as well as the steel cost which is considered until
now in the scheme published by the Japanese Economic Research Asso-
ciation [25]. However, the costs of the base plate and foundation are not
considered. Each cost contribution will be briefly described below.
s for steel members.



Fig. 4. Full penetration on single bevel groove.
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3.1. Steel cost

The steel cost is relatively easy to quantify based on information
from suppliers of steel materials and components. It is determined by
multiplying the steel cost per unit weight by weight as shown below:

Csteel ¼ ∑
i
Csiwi; ð5Þ

where Csteel is steel cost, i is the number of members, Csi is steel cost
per unit weight,wi is weight (=ρiliai), ρi is mass per unit volume (steel:
7.85 g/cm3), li is length of themember, and ai is the section area ofmem-
bers, respectively. The unit price of steel, Csi is determined to range from
76,000 to 118,000 Japanese Yen (JPY), depending on the different sec-
tion types, steel grades and uses, such as beams or columns [25].

3.2. Production and assembly cost

Although production and assembly costs for steel members depend
on each factory, as shown in Fig. 2, the sum of costs (numbered in the
black rectangular boxes, i.e. from 1 to 8 and 10) can be identified by
the types of structure, purpose, scale of construction, standard and spec-
ifications of steel structures. In the literature [25], the production and
assembly cost for steel members could be determined with the cost
per unit weight as follows:

Cfactory ¼ ∑
i
C f iwi; ð6Þ

where Cfactory is the production and assembly cost, Cfi is the produc-
tion and assembly cost per unit weight, and wi is weight (=ρiliai), re-
spectively. The unit price Cfi of production and assembly ranges 30,000
to 32,000 JPY, depending on the beams and columns [25].

3.3. Welding cost

Thewelding cost is generally obtained as the sumof theweldingma-
terial cost, personnel expenses and electricity charges. An optimization
for sequence and parameters as well as the cost of the welding process
was carried out [26,27]. In addition, the optimal design for welded
beam, box beam, and steel plate girder bridge where the welding cost
could not be ignored in the total cost were carried out using genetic al-
gorithms [21,28,29,30,31].

In this paper, the welding cost can be simply determined by multi-
plying the unit weld cost for a 6-mm fillet weld by each length which
Fig. 3. Fillet weld.
is converted to a 6-mm fillet weld in the welding points, considering
the conversion ratio of the welding. As shown in Eq. (7), the welding
cost can be obtained by multiplying by the length estimated with a 6-
mm fillet weld by the unit welding cost at a factory or site including
weld material cost and labor cost for welding, depending on where
the welding was done as follows:

Cwelding ¼ ∑
i

Cwf i lwf i þ Cwsi lwsi

� �
; ð7Þ

where Cwelding is thewelding cost, Cwfi is the unit cost of factorywelding,
Cwsi is the unit cost of site welding, lwfi is the weld length of factory
welding, and lwsi is the welding length of site welding, respectively.
Fig. 5. Detail of welding points at beam-column connection.



Fig. 6. Constructability at beam-column connection.

Table 1
Optimization parameters.

Optimization method Genetic algorithm

Objective function Cost (single object)

Population number 50
Number of elites 2
Generation 5000
Crossover rate 0.8
Mutation rate 0.1

296 S.-W. Jin et al. / Journal of Constructional Steel Research 135 (2017) 292–301
The factors of Cwfi and Cwsi are determined as 380 and 770 JPY, respec-
tively, as of the third quarter of 2011 in Japan [25].

3.3.1. Conversion ratio of welding (K)
The conversion ratio of welding (K) presents the area of a 6-mm fil-

let weld between the ratio of the geometrical cross section determined
by the kind of weld joints, groove shapes, shape of reinforcement of
weld and back gouging, etc. It is an index to calculate the amount of
welding on each weld joint by replacing it with the welding length of
a 6-mm fillet weld. Because a 6-mm fillet weld can be carried out with
one-pass construction when semi-automatic carbon-dioxide gas
shielded arc welding is done in a flat position, when the shape or meth-
od of welding is different, the ratio of the amount of welding for that
standard welding, the amount, length and time of welding on each
welding point can be obtained by calculating and squaring.

As shown in Fig. 3, the cross section of a 6-mm filletweld (s=6mm)
can be obtained as follows:

6 mm � 1:1ð Þ2=2 ¼ 21:78 mm2: ð8Þ

In this equation, ‘1.1’ is an overdesign factor to calculate as the in-
creased value of 10% to the magnitude, because larger than the size of
a fillet weld must be used in order to ensure the 6-mm size in welding
operations. Based on Eq. (8), for example, as shown in Fig. 4, the conver-
sion ratio of welding for full penetration on a single bevel groove can be
obtained as follows:

A ¼ G2 � Rþ G1þ G2ð Þ � T−Rð Þ=2;
B ¼ G1 � h=2;
G1 ¼ G2þ T−Rð Þ � tanθ;
h ¼ T=4; however under 10 mm;
K ¼ Aþ Bð Þ=21:78;

ð9Þ

where the root opening G2 and groove angle are determined by the
shape of the groove, the kinds of weld joint, and other weld factors [32].
In the use of the welding conversion ratio, the welding lengths on each
weld point are calculated, and the welding cost can be simply deter-
mined by multiplying the welding length estimated with a 6-mm fillet
weld by the unit welding cost at the factory or site, depending on
where the welding is done.
Table 2
Constraint conditions.

Degree of allowable stress ≤ 1.0

Drift angle ≤ 1/200
Story stiffness ratio ≥ 0.6
Eccentricity ratio ≥ 0.15
Deflection ≤ 1/250
Beam-column strength ratio ≥ 1.5
Transverse stiffening constraint on
Detail constraint on
3.3.2. Calculation of welding cost at each member
Various methods can be applied to connect columns and beams in

steel structure. In this paper, however, it is assumed that not only a col-
umnwill be connected to the other floor columns above and belowwith
only the through diaphragm but also other processes to join the col-
umnswill not be done, although their size on the upper and lowerfloors
is different. In addition, the types of beam-column connection would be
treated as limited types, and the beams will be joined to the columns
with only welding in a non-bracket format.

As shown in Fig. 5, a beam-column construction where one column
is connected to one beam is considered to be one unit. A base plate
would be connected to the column at the 1st floor with welding;
welding points on a column could be identified as 4 points with factory
welding and 1 point with site welding at a column regardless of the col-
umn placed on the floor. Also, 2 points with site welding on flanges and
2 places with site fillet welding on the web at a beam can be identified
because a beam is jointed directly to a columnwith welding. This is be-
cause it has been assumed that beams are combined bywelding only at
the site. The sum of welding costs for all beam-column connections in
Fig. 7. Number of beams connected to columns.



Fig. 8. Analysis model.
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whole structure can be readily calculated by transporting the sum of
welding costs at each chosen member.

4. Optimization parameter and constraint condition

Table 1 shows the optimization parameters. As shown in Table 1, the
optimization for single object costminimization is carried outwith a ge-
netic algorithm. For the numerical analysis, the probabilities of the
Fig. 9. Grouping o
operators of crossover and mutation are set 0.8 and 0.1, respectively.
Elite strategywas adapted in the evolutionary process, by which 2 elites
will certainly remain at each generation during 5000 evolutionary gen-
erations. In this study, the improvement in speed of the optimal solution
finding algorithmwas not considered. It implemented the most widely
used meta-heuristic method, i.e. genetic algorithm, and the time it took
for the algorithm to find the optimal solution generally increases in pro-
portion to the generation number and population number.
f members.



Fig. 10. History of fitness.

Table 3
Parameters for grouping of members.

Sign Member for choice Kind of members

C1 ~ C6 Rectangular; 200 ~ 400 29
BX1 ~ BX6 H shape; Area = 23 ~ 170 cm2 22
BY1 ~ BY3 H shape; Area = 23 ~ 170 cm2 22
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Table 2 shows the constraint conditions. In addition to the constraint
for allowable stress limit, drift angle, story stiffness ratio, eccentricity
ratio, deflection based on the Japanese Building Standards Law, and
three constraints related to structural details are added to Table 2, in-
cluding the constraint of beam-column strength ratio, transverse stiff-
ening and the constraint of column size. The constraint of transverse
stiffening is to prevent lateral buckling of beams. The constraint of
beam-column strength ratio is for leading the structure to overall col-
lapse, and the constraint of column size is to control the size difference
of upper and lower floor columns for a smooth connection. In this paper,
the range for the size difference of upper and lower floor columns is set
at 50 mm.

4.1. Constraint for constructability

Due to welding clearance considerations, a new constraint is added
to consider constructability on beam-column connection to the previ-
ous constraints as shown in Table 2. As shown in Fig. 6, when the differ-
ence between beam depths enters a given range, the beams cannot be
joined since thewelding clearance could not be ensured because it is as-
sumed that all beams are connected to the column only with through
diaphragm. Due to the fact that the list of H-shape steel members for se-
lection includes a series of members with a gradual increment of 2 mm
in their depths and the connection between them can be made by
adjusting the thickness of through diaphragm when their depths are
less than a difference of 10mm, the penalized depth difference between
any two beams is set in a range of 10 mm to 150 mm.

4.2. Penalty function for constructability

In order to secure the welding clearance on a beam-column connec-
tion, the penalty function is defined as shown below:

γ j ¼
BH1−BH2j j

β
if αb BH1−BH2j jbβ;

1 otherwise;

8<
: ð10Þ

whereγj is the penalty function at themember of j,α andβ are clear-
ances of beam depth for constructability at column, i.e. α=10mm and
β=150mm, and BH2 and BH1 are depths of 1st and 2nd beamconnected
to the member i, respectively. This equation shows the case when two
beams are connected to one column. In real cases, as shown in Fig. 7,
when there are more than two beams connected to one column, the
penalty calculation will be performed for any two of those beams de-
pending on the case.
Table 4
Results of analysis.

Cost
(JPY)

Welding cost
(JPY)

Weight
(ton)

Drift
angle

Original 1,744,761 309,021 19.90 0.00515
Optimal solution 1,723,661 340,380 19.18 0.00407
Optimal solution considering
welding cost

2,255,770 305,617 18.96 0.00429

Optimal solution considering
constructability

2,501,680 345,384 20.98 0.00354
5. Numerical analysis

5.1. Analysis model

Fig. 8 shows the analysis model. The numerical model is a three-
story steel structure having one span in X-direction and three spans in
Y-direction, respectively. The model is set as a complete rigid-frame
without any additional components, such as braces and basement.
Long-term and short-term loadings are considered in the analysis.
Earthquake load as short-term load is calculated according to the base
shear coefficient Ai by the Japanese Building Standards Law, which is
the ratio of the horizontal load to the total weight of buildings. It is con-
sidered that the force of an earthquake based on Ai distribution interacts
at the centre of the weight of every floor in X- and Y-directions. The
boundary and joint condition would be assumed as the fixed support.

5.2. Variables for design

Fig. 9 shows the grouping of members and the composition of the
chromosome for a structure. As shown in Fig. 9, the members are divid-
ed into 15 groups according to their type, direction of placement and
story information, taking into account the symmetricity. Then, by defin-
ing the information of groupedmembers as variables and incorporating
it into the gene locus of the chromosome, an evolutionary calculation
using genetic algorithm can be processed. As shown in Table 3, a rele-
vant member will be selected as a member in the evolutionary process
from the list of 29 kinds of rectangular steel column for columns and 22
kinds of H-shape steel for beams in the JIS standard.

5.3. Results of analysis

Table 4 shows the results obtained by optimization of the cost min-
imization. The Original represents the value obtained by redoing the
structural analysis and the calculation cost in our structural design sup-
port scheme through the use of actually designed structural data. The
Optimal solution is the solution only when the steel cost is considered
in the evaluation cost; the Optimal solution considering welding cost is
the solution when the costs for not only processing and assembly of
steel members but also welding at beam-column connections as well
as steel costs are considered; and the Optimal solution considering con-
structability is the solution when the constraint of constructability is
added to the problem of the Optimal solution considering welding cost.
Fig. 11. History of penalized cost.



Fig. 12. Member placement.

299S.-W. Jin et al. / Journal of Constructional Steel Research 135 (2017) 292–301
The cost in the optimal solution is slightly less than the original
cost. Moreover, it is clearly shown that the optimal solution consid-
ering the welding cost for the evaluation cost is obtained with the
reduced welding cost as compared to the optimal and original solu-
tion. However, the cost andweight are increased through the consid-
eration of constructability because the beam depths become higher



Table 5
List of chosen members.

No.
H B t, t1 t2

Steel cost Manufacturing cost Welding cost

(JPY/t) (JPY/t) (JPY/Member)

117 350 350 16 118,000 32,000 25,571
116 350 350 12 110,000 32,000 16,977
115 350 350 9 110,000 32,000 11,512
112 300 300 12 110,000 32,000 14,505
111 300 300 9 110,000 32,000 9,834
110 300 300 6 110,000 32,000 5,860
109 250 250 16 118,000 32,000 18,128
108 250 250 12 110,000 32,000 12,033
107 250 250 9 110,000 32,000 8,157
106 250 250 6 110,000 32,000 4,859
25 612 202 13 23 81,000 30,000 7,692
21 506 201 11 19 78,000 30,000 5,284
20 500 200 10 16 78,000 30,000 4,396
17 450 200 9 14 78,000 30,000 3,505
16 446 199 8 12 78,000 30,000 2,765
14 400 200 8 13 76,000 30,000 2,949
11 350 175 7 11 76,000 30,000 2,011
10 346 174 6 9 76,000 30,000 1,653
9 300 150 6.5 9 76,000 30,000 1,418
8 298 149 5.5 8 76,000 30,000 1,250
7 250 125 6 9 76,000 30,000 1,171
6 248 124 5 8 76,000 30,000 944
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in order to ensure the clearance as a given constraint condition on
connections.

Fig. 10 shows the history of the fitness where the value gradually in-
creases. On the other hand, as can be seen in Fig. 11, the cost gradually
decreases to 2.25 × 104 and 2.50 × 104 JYP as the optimization proceeds
to 5000 iterations in consideration of welding cost and the constraint of
constructability, respectively.

Fig. 12 shows the members selected in each optimal solution. The
numbers represent the chosen members and correspond to the num-
bers in Table 5. The results of analysis clearly show that the welding
cost tends to affect the thickness of the section much more than the
size of members, and the size of vertical columns and beams connected
to the column tend to have a uniform size.

The numbers before ‘mm’ around the bottom-right of each col-
umn in Fig. 12 represent the depth differences between beams con-
nected to the column. The depth differences within the range of
10 mm to 150 mm are denoted in bold italic font. Without the con-
sidering constraint of constructability, the solutions for a structure
impossible to construct are obtained, such as the original, optimal
solution and the optimal solution considering the welding costs. In
other words, the column in the optimal solution in Fig. 12 shows dif-
ferent shapes and thickness values per floor, but this is not the case in
the optimal solution based on the welding cost or constructability. In
this case, obviously the inner diaphragm, haunch and other connec-
tion methods are needed for construction. Considering the optimal
solution from a constructability standpoint, beams must be fully
compliant. It is thus feasible to build the structure using only a
through diaphragm beam-column connection method. This means
that the cost function in the optimal solution has been derived
from the actual design data. Although the design data in this paper
may not represent the existing structural design, they are useful in
explaining the relative differences in the optimal solution that took
into account the welding cost and constructability.

6. Conclusions

In this paper, to develop a more comprehensive structural design
support scheme, the definition of the cost of steel members as total
cost, namely the objective function, in the original optimization scheme,
was modified by adding the manufacturing cost to the process and
welding costs for connection into the total cost, and the constraint
relevant to constructability was also added. Consequently, it demon-
strated the possibility of consider-ing more practical costs in the struc-
tural design support scheme while satisfying the given constraint
conditions.

Although information on various connection systems, the cost of
adjusting upper and lower floor columns, personnel expenses for con-
struction at the site, and so on must be considered, for more practical
use, because the present method enabled a rational structural design
to be carried out and be used as a presentation tool to designer and
owner. The proposed scheme will be a useful design scheme which
can strongly support the structural design desired by structural
designers.
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