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A B S T R A C T   

A design algorithm is proposed for rational seismic design solutions of steel buildings associated with buckling 
restrained braces (BRB). The strengths and locations of BRBs in addition to the section sizes of structural 
members are considered as discrete design variables. The steel volume including BRBs is minimized as an 
objective function under various practical design constraints. A seven-story office building is examined for 
application in two different types of structural systems, i.e. one mainly consisting of lateral frames and the other 
with limited utilization of lateral frames typically in perimeter separately from gravity frames. The derived 
solutions, defined as superior design solutions (SDSs), satisfy serviceability and limit-state constraints, taking into 
consideration the seismic energy dissipation effect of BRBs using the calculation of resistance and limit-state 
method. Their rationale is validated with response history analysis. Furthermore, the influences in SDSs by 
the seismic demand levels and elastic member constraint are investigated. The structural characteristics of SDSs 
associated with BRBs are objectively evaluated using the proposed design algorithm.   

1. Introduction 

Buckling restrained braces (BRBs) are widely used in regions of high 
seismic risk in the world. Using their seismic energy dissipation capac-
ities, the acceleration responses in the buildings during large earth-
quakes are reduced and damage in the main frames can be restrained. 
Structural design procedures predicting responses of the buildings are 
developed with respect to the amount of damping effect during large 
earthquakes [1,2]. 

Seismic performance of coupled steel frame system (i.e. dual system) 
with moment resisting frames (MRFs) and BRBs have been studied since 
the early developing era of BRBs [3–5]. It was found that the dual system 
is effective against earthquakes, because the BRBs dissipate seismic 
energy and MRF reduces the residual displacement. 

The research on BRBs has extended to various subjects such as 
effectiveness of BRBs for seismic reinforcement of existing RC frames 
[6–8] and probabilistic assessment [6,7] considering uncertainty of BRB 
properties. In these studies, analytical models of BRBs have been 
developed based on the experimental data. Also, there are studies on the 
design methodologies of steel buildings typically in dual systems with 
MRFs and BRBs. Freddi et al. [9] developed a single degree of freedom 

(SDOF) system for the parametric studies for BRB design to control re-
sidual displacements. Mehdipanah et al. [10] studied the rational lateral 
stiffness balance between the MRFs and BRBs. However, these studies do 
not focus on cost effectiveness in realistic buildings. Sarno and Elnashai 
[11] studied both seismic performance and cost, examining existing 
nine-story steel buildings comparing multiple design options; however, 
the design parameters are limited in brace types and locations. 

In terms of existing research on using optimization for evaluation of 
the structures with BRBs, many of them focus on optimizing the 
strengths and/or locations of BRBs under the given main frame struc-
tures [12–15]. Fewer studies have been conducted for simultaneous 
optimization of BRBs and main frame. Rezazadeh and Talatahari [16] 
proposed multiobjective optimization method for minimizing the cost 
and damage under large earthquakes considering the yield strength of 
BRBs and section sizes of columns and beams as the discrete design 
variables. Abedini et al. [17] optimized the section sizes of columns and 
BRBs using heuristic methods called slap swarm algorithm and 
enhanced colliding bodies optimization. However, in these studies, only 
plane frame is considered, and seismic design constraints are limited in 
major issues such as inter-story drift ratios. Consequently, the obtained 
design solutions do not fully represent or applicable to the actual 
building design. 
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The authors obtained and evaluated the properties of optimal steel 
buildings using 3D analysis models taking into account many practical 
constraints including seismic design constraints against large earth-
quakes [18–20]. In these studies, design solutions are derived for 
different types of column shapes and lateral frame locations. Beam-to- 
column connections of steel buildings consist of two types: moment 
connections and pinned connections. The flanges of beams are rigidly 
connected to columns in the moment connections, while they are not 
connected in pinned connections. The lateral frames are composed of 
columns and beams with moment connections, and the gravity frames 
are composed of those with pinned connections. Most frames are the 
lateral frames in some countries like Japan, whereas lateral frames are 
limitedly placed typically in perimeter frames separately from gravity 
frames in other countries including the US. In this paper, the former 
system is referred to as the space-frame system (SFS) and the latter as the 
perimeter-frame system (PFS). Rectangular hollow structural section 
(HSS) columns are normally used in SFS, and I-shaped (wide flange) 
columns are used in PFS. Mele et al. [21] studied MRF steel buildings 
focusing on these frame systems i.e. perimeter and spatial; however, 
optimization method is not used for the compared steel design, and they 
used I-shaped column shapes which is different from Rectangular HSS 
studied in this paper for the spatial frame system. Past research [22,23] 
has focused on the differences of these systems; however, the buildings 
compared may not be equally and rationally designed and discussion on 
the findings of their structural characteristics may not always be 
objective. 

In the practical process of seismic design, even finding a feasible 

solution satisfying all the constraints is difficult, because many struc-
tural and geometrical design requirements in serviceability and limit- 
state against large earthquakes are to be satisfied. The serviceability is 
checked with the allowable stress design (ASD), which is widely used for 
both new building design and existing building retrofit in Japan, based 
on the Japanese design standards. Also, the limit-state requirements are 
formulated under the design procedures of calculations of ultimate 
lateral strength (CULS) [19], and the calculations of resistance and limit 
state (CRLS) [20]. Because the design problem has many discrete design 
variables, a heuristic method rather than a mathematical programming 
approach is to be used. However, it is very difficult to handle many tight 
constraints in a heuristic method [24,25], although some methods have 
been proposed with relaxation of constraints [26]. To avoid convergence 
to an infeasible solution, the authors proposed a multiple-start-local- 
search (MSLS) algorithm to obtain approximate optimal solutions, 
which are called superior design solutions (SDSs), and applied it to find 
SDSs of SFS and PFS of seven-story office buildings. The steel volume is 
minimized and the design variables are the section sizes selected from a 
specified list of available sections [18–20]. The SDSs of SFS and PFS 
systems obtained through this algorithm are independent of designers’ 
skills or experiences. Their structural characteristics are objectively 
discussed. 

In this research, the Japanese structural design procedures including 
ASD, CRLS and CULS mainly for steel buildings are briefly overviewed 
for explanation of constraints in the MSLS algorithm. Then, the SDSs for 
the steel buildings associated with BRBs are derived for SFS and PFS 
using the MSLS algorithm in a similar manner as the authors’ previous 

Nomenclature 

List of Abbreviations 
ASD allowable stress design 
BRB buckling restrained brace 
CBEB calculation based on energy balance 
CRLS calculations of resistance and limit state 
CULS calculations of ultimate lateral strength 
HSS hollow structural section 
MRF moment resisting frame 
MSLS multiple-start-local-search 
PFS perimeter-frame system 
RHA response history analysis 
RULS required ultimate lateral strength 
SBMF steel braced moment frame 
SDS superior design solution 
SDOF single-degree-of-freedom 
SFS space-frame system 
SMF steel moment frame 

List of Symbols 
Ai vertical lateral force distribution mode for the incremental 

lateral forces in pushover analysis 
C0 seismic base-shear coefficient for design seismic load 
Cmax maximum story shear coefficient 
CQU1 base-shear coefficient at the ultimate lateral strength 
CQUMF1 base-shear coefficient at the ultimate lateral strength of the 

main frames without BRBs 
F design standard strength (nominal yield strength) of steel 
Fh reduction factor (=ratio between elastic and inelastic 

demand spectra) used in CRLS 
Df coefficient representing structural ductility (ductility 

factor) used in CRLS 
Ds reduction factor of RULS 
Gs seismic amplification factor defined in CRLS 

h equivalent viscous damping factor 
K1BRB initial axial stiffness of BRB 
K2BRB post-yielding axial stiffness of BRB 
Ka ratio of elastic lateral stiffness provided by BRBs 
Kf stiffness of main frame 
L beam length 
Mp plastic moment 
Mpc plastic moment of column 
Mpb plastic moment of beam 
NYBRB yielding axial force of BRB 
Qd strength (capacity) of the equivalent SDOF system at 

serviceability limit used in CRLS 
Qs strength (capacity) of the equivalent SDOF system at safety 

limit used in CRLS 
R inter-story drift ratio 
Rmax maximum inter-story drift ratio 
Rt vibration characteristic factor 
Sabd acceleration response spectrum at bedrock defined in CRLS 
Sagf acceleration response spectrum at the ground surface 

defined in CRLS 
T1 first natural period 
TMF1 first natural period of the main frames without BRB 
VBRB equivalent steel volume of BRB 
Veq equivalent steel volume 
Z seismic zone factor 
Zp plastic section modulus 
δ beam sagging displacement 
Δd displacement of the equivalent SDOF system at 

serviceability limit used in CRLS 
Δs displacement of the equivalent SDOF system at safety limit 

used in CRLS 
μ ductility factor of the equivalent SDOF system (=Δs/Δd) 
θR maximum residual inter-story drift ratios  
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work [20]. The CRLS is used for evaluation of the seismic performance 
against large earthquakes, taking into account the seismic energy 
dissipation capacities of BRBs. The section sizes of columns and beams in 
addition to the yield strengths and locations of BRBs are considered as 
the discrete design variables, and are simultaneously optimized. The 
characteristics of rational steel building design solutions associated with 
BRBs as well as the differences of SFS and PFS SDSs are objectively 
discussed, by comparing the top five solutions for both systems. 
Furthermore, the influence in the SDSs by the MSLS constraints, such as 
the seismic demand levels and the elastic main frame conditions is 
investigated. 

2. Two-step seismic design procedure 

The two-step seismic design procedure, which is commonly used for 
the seismic design practice in Japan and also used in this research, is 
overviewed in this section. The description below is not comprehensive 
but concise in order to provide the fundamental information for readers 
to understand the design procedure used in this research. Also, the 
explanation is limited to the design procedure for steel buildings with 
moderate sizes (not special buildings such as high-rise or seismically 
isolated building). More information about Japanese structural design 
procedure can be found in the monograph by Michel Bruneau et al. [27]. 

In Japan, the ASD procedure is commonly used for the seismic design 
against the small and moderate earthquakes (as well as design for the 
sustained load) [28]. Additionally, four seismic design procedures 
associated with inelastic analysis are prepared for the designs against 
large earthquakes, which are the CULS, CRLS, the calculation based on 
energy balance (CBEB), and response history analysis (RHA). For the 
design of buildings lower and smaller than certain height and floor area, 
the above-mentioned design procedure against larger earthquakes is not 
required and only ASD is performed. The two-step design procedure 
(ASD plus one of the four) is adopted for the design of larger or irregular 
buildings, e.g. steel buildings with more than 31 m of the height or 
irregular stiffness distribution. Among these four, CULS is the most 
common, while RHA is required for special buildings such as high-rise 
buildings and seismically isolated buildings. 

In the design using ASD against the small or moderate earthquakes, 
the stresses in structural members under design seismic load are 
computed and it is confirmed that the stress values are smaller than the 
allowable stresses. The minimum and commonly adopted base shear 
coefficient of the ASD seismic design load is 0.2 or 0.3. Therefore, the 
design seismic lateral force is equivalent to 0.2 g or 0.3 g. In other words, 
buildings in Japan are elastically designed under 0.2 g or 0.3 g lateral 
design loads. The allowable stress in tension is 2/3 of the nominal 
strength of steel material for the design against sustained loads, and it is 
equal to the nominal strength for the design against combined seismic 
and sustained loads. The allowable stresses in compression and flexure 
are reduced with respect to the slenderness ratio considering flexural 
and lateral-torsional buckling. It is noteworthy that the live load (for the 
seismic design) is included in the calculations of the building weight for 
the seismic design loads. This is a difference from calculation in the 
equivalent lateral force procedure defined in ASCE7 [29]. 

The static pushover analysis is used in the CULS and CRLS design 
procedures. In CULS, it is confirmed that the computed ultimate lateral 
strength is greater than the required ultimate lateral strength (RULS), 
which is calculated using the reduction factor called Ds. The values of Ds 
are defined in Japanese design standards [30], and are varied with the 
structural systems. For instance, Ds values for steel moment frames 
(SMF) structures are 0.25–0.40 depending on the compositions of 
member ranks, which are defined with their width-to-thickness ratios, i. 
e. the plastic deformation capacity. This implies that RULSs are nearly 
equivalent to 0.25–0.40 g for regular steel moment frame buildings. The 
vertical and horizontal irregularities are taken into account and the 
penalty factors are multiplied to RULS for the irregular buildings. It may 
be noteworthy here that all moment frames designed in Japan 

correspond to “special moment frames” defined in ASCE7 [29]. 
The Ds values of steel braced moment frame (SBMF) buildings are 

0.25–0.50, where Japanese SBMF is nearly equivalent to “dual systems 
with steel special moment frames and concentrically braced frames” 
defined in ASCE7. In addition to the ranks of beams and columns, two 
structural properties are taken into account for the Ds values for SBMF 
buildings, which are the compositions of brace ranks defined with their 
slenderness ratios and proportions of the seismic lateral forces carried by 
the braces. 

The Ds factor is regarded as the reduction factor of RULS considering 
the plastic deformation capacity of the structure. The concept of Ds 
factor is similar to the reciprocal of R factor in ASCE7 [29], but is 
different in use. The Ds factor is used for the calculation of RULS, rather 
than the actual ultimate lateral strength calculated in the inelastic 
pushover analyses. Most beam-to-column connections are moment 
connections in Japanese steel buildings, and Ds values are defined only 
for SMF and SBMF for steel buildings. There is no other detailed cate-
gorization for steel buildings. 

On the other hand, CRLS is a structural design procedure based on 
the Capacity Spectrum Method [31], more directly evaluating the en-
ergy dissipation effect of structures. Multi-story building structures are 
converted into equivalent single-degree-of-freedom (SDOF) systems 
using static pushover calculations. The lateral force restoring charac-
teristics of the structures are represented by the acceleration- 
displacement response spectrum (the capacity spectrum). The 
response spectrum for the assumed earthquake (the demand spectrum) 
is reduced by considering the seismic energy dissipation effect, caused 
by member yielding and dampers such as BRBs as shown in Fig. 1. 
Therefore, CRLS is more suitable than CULS for the seismic design of 
buildings using BRBs. In CRLS, it is confirmed that the capacity is greater 
than the demand at the assumed limit-state, which is generally defined 
in terms of the maximum inter-story drift ratio, e.g., 1.5% or 2.0%, so 
that brittle failure does not occur under the inter-story drift ratio cor-
responding to the assumed limit-state. The outline of CRLS design pro-
cedure is explained by Kuramoto [32], and applications are 
demonstrated in reference [33]. 

3. Superior design solutions 

SDSs of steel buildings are obtained by the MSLS method [34]. The 
design variables are the discrete yield strengths and locations of BRBs in 
addition to the discrete section sizes of beams and columns. The objec-
tive function to be minimized is the total steel volume of the building 
including the equivalent steel volume of BRBs described below. Con-
straints are given for the responses under the sustained load and those 
corresponding to two-step seismic design conditions. The MSLS pro-
cedure is illustrated in Fig. 2. Feasible solutions, which satisfy all con-
straints, are first obtained from approximately 107 random 
combinations of design variables. Note that most of the randomly 
generated solutions are rejected without carrying out structural analysis. 
In the next step, the ten best (minimum steel volume) feasible solutions 
are assigned as initial solutions for MSLS. The SDSs are defined as the top 

Fig. 1. Illustration of CRLS design procedure.  
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five local optimal solutions obtained from the ten different initial solu-
tions. The best solution is named as the 1st SDS that is primarily studied 
for its structural properties, and variations of properties are also eval-
uated comparing the five SDSs in the two structural systems, i.e., SFS 
and PFS. There are approximately 40 variables for members in main 
frames and BRBs, and approximately 100 geometrical and mechanical 
constraints. Because the ratio of number of combinations satisfying all 
constraints to the total number of combinations has a very small value 
between 10-5 and 10-4, population based heuristic approaches such as 
the genetic algorithms are not effective for solving this problem. 

A step-by-step update of design variables is assumed in MSLS. At 
each step of searching the solutions from a randomly generated initial 
solution, neighborhood solutions are generated by randomly increasing 
or decreasing the discrete variables of section sizes by one or stay the 
same within the range of each variable. Here, the number of neighbor-
hood solutions is set as the same as the number of variables. The 
tentative solution is replaced with the best neighborhood solution, if it 
satisfies all constraints and improves the objective function value. When 
no better solution is found in the neighborhood, the tentative solution is 
carried over to the next step. The number of steps is 10,000. Therefore, 
the total number of neighborhood solutions is approximately 10,000 ×
40 = 0.4 million. The constraints such as the width-to-thickness ratio are 
checked first without analysis and structural analysis is carried out for 
approximately 1/5 of the neighborhood solutions. 

The superior solutions are not globally optimal. However, they are 
rationally obtained by the specified design algorithm, and therefore, 
independent of engineers’ experience and preference. This research 
aims at identifying structural characteristics of steel frames associated 
with BRBs with different building structures and structural systems, in 
terms of the stiffness and strength balance between the main frames and 
BRBs as well as the locations of BRBs, by comparing the properties of 
superior solutions. Therefore, obtaining the strictly global optimal so-
lution is not the primary interest of this research. 

4. Application of MSLS 

4.1. Outline of building examined 

As shown in Fig. 3, a rectangular seven-story steel office building 
with 32.0 m × 19.2 m plan is examined. The building is simplified in 
order to identify general structural characteristics, and is the same as 
that examined in the authors’ previous work [18–20]. The solid triangles 
in Fig. 3 indicate moment connections and the others represent pinned 
connections. All beam-to-column connections are moment connections 
and all frames are lateral frames in SFS, while four frames in the pe-
rimeters are the lateral frames and the others are the gravity frames in 
PFS. Fig. 4 shows the frame elevations with BRBs. The solid triangles in 
the columns on 2nd- and 5th-stories in Fig. 4 indicate the splices. The 
segments between the column splices are called “parts” and the member 
sections are grouped in each part. The names of columns and beams are 

Fig. 2. MSLS algorithm.  

Fig. 3. Floor framing plan.  
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shown in Figs. 3 and 4. GX2 and GY2 in the figures for PFS are pinned at 
the ends and designed only for the sustained load. However, these names 
are kept identical for comparison between the PFS and SFS. 

Composite steel deck slabs are used for the floor structure in the 
building examined. The slabs are extended 400 mm from the perimeter 
axes shown in Fig. 3; therefore, the floor area is 656 m2. The floor 
weights per unit area including the live load are 7.8 kN/m2 and 6.8 kN/ 
m2 for the frame design and seismic design, respectively. The average 
exterior weight per unit elevation area is assumed as 2.0 kN/m2. 
Therefore, the total weights per floor area are 9.0 kN/m2 and 8.0 kN/m2 

for the frame design and seismic design, respectively. The weights are 
applied to the 3D frame models as concentrated loads at the nodes 
connecting beams and columns, and nodes at every 3.2 m in the beams. 
The roof weight is typically heavier than office floors but assumed to be 
the same for simplicity. 

The grouped member sections are shown in Table 1. The columns are 
rectangular HSS in SFS and I-shaped sections in PFS. The beams are I- 
shaped sections for both SFS and PFS, and the braces are all BRBs. The 
steel grade of beams and columns is SN490, and the design standard 
strength, i.e., nominal strength, is 325 N/mm2. Fig. 4 shows the possible 
locations of BRBs, which are the three spans in the four perimeter 
frames, i.e., all lateral frames in PFS. In the superior solutions, effective 
locations of BRBs are selected from the possible locations. 

The possible ranges of discrete variables of section sizes and yield 
strength of BRBs are shown in Table 2. The section sizes are selected 
from the list of Japanese standard rolled sections [35] and built-up 
sections with steel plates with standard thickness. The discrete width 
and height of the sections in the columns and beams are assigned every 
50 mm. The combinations of the flange width and thickness are defined 
as shown in the lower table in Table 2, where the cross-sectional area of 
flange Af is considered as an independent variable. 

4.2. Modeling of frames 

3D frame models are created for the elastic analysis for the ASD 
procedure and the inelastic pushover analysis for the CRLS. An in-house 
code is used for the elastic analysis and inelastic pushover analysis for 
obtaining SDSs using the MSLS. The accuracy has been verified in 
comparison to the results by a commercial analysis software Midas iGen 
[36]. 

Significance of this research lies in obtaining rational structural 
design applicable to actual building construction. Although the rational 
BRB locations in the SDSs could be found using 2D frame models, the 
structural characteristics are more directly evaluated with 3D SDSs 
incorporating the whole building compositions. This aspect is important 
in this research, because the main frame and BRBs are simultaneously 
designed in SDSs. 

Modeling assumptions for the elastic analysis are summarized below.  

(1) Floor diaphragm condition is adopted. The seismic lateral loads 
are given at the center of gravity in each floor.  

(2) Columns are divided into two elements at the center of floors. 
Beams are divided every 3.2 m. The floor masses and gravity load 
are distributed in these beam nodes.  

(3) The bottoms of 1st story columns are supported and rotationally 
fixed. The braces are pin connected.  

(4) The composite effect between steel beams and concrete slabs is 
neglected.  

(5) The fillet part of I-shaped sections is neglected.  
(6) The rigid zone in the beam-to-column connections is neglected. 

Assuming reinforcing plates are properly welded at the panel 
zones in I-shaped columns, deformation in the panel zones is not 
considered. 

The vertical distribution factor Ai defined in Eq. (1) [30] is adopted. 
The vibration characteristic factor Rt, and seismic zone factor Z [30] are 
both assumed to be 1.0. The seismic base-shear coefficient C0 is 0.2 for 
the ASD. 

Ai = 1+
(

1
̅̅̅̅αi

√ − αi

)
2T

1 + 3T
(1)  

where, αi is the ratio of the building weight in ith and higher stories to 
the total building weight above the ground, and T is the first natural 
period that can be calculated as the building height (m) by the factor of 

Fig. 4. Framing elevations.  

Table 1 
Member grouping in stories.  

Part Columns Beams BRBs 

3 Mid. 5th Story – 7th Story 6th Floor - Roof 5th Story – 7th 
Story 

2 Mid. 2nd Story – Mid. 5th 
Story 

3rd Floor – 5th 
Floor 

2nd Story – 4th 
Story 

1 1st Story – Mid. 2nd Story 2nd Floor 1st Story  
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0.03. 
In addition to the above-mentioned modeling assumptions for elastic 

analyses, following assumptions are adopted for inelastic analysis  

(1) Simple-step pushover analyses are conducted with the increments 
of lateral loads. i.e. No iterative calculation is performed in each 
load step. 

(2) The increment of base shear coefficient in one step of the push-
over analyses is approximately 0.002.  

(3) Lumped rotational inelastic springs are placed at the ends of 
beams and columns. The springs are bilinear with sufficiently stiff 
initial stiffness and the post-yielding stiffness with 1/100 of the 
elastic flexural stiffness of the beams and columns.  

(4) The yielding moment of the lumped rotational springs is defined 
as the plastic moment Mp = 1.1FZp, where F is the design standard 
strength (nominal yield strength) of the steel and Zp is the plastic 
section modulus.  

(5) The P-Delta effect is not taken into account. The safety limit is 
defined as 1.5% of inter-story drift and, under such lateral 
deformation, it is confirmed that the influence by the P-Delta 
effect in the lateral strength of the obtained SDSs is less than 3%. 

The columns are considered to buckle when the fiber stress under 
sum of axial force ratio and flexural moment ratio reaches 1.0, where the 
axial force ratio is a ratio of the compressive stress to 1.1 times allowable 
compressive stress for temporary loads, and the flexural moment ratio is 
a ratio of the fiber stress to 1.1 times allowable flexural stress for tem-
porary loads. 

The buckling strength of beams is defined as the average of the 
tensile yield strength and buckling strength around the weak axis, by 
assuming that the upper flange of the beam is constrained by the slab 
and the lower flange is not. The axial forces of the beams are calculated 
as half of the sum of shear forces of inverted-V shaped concentrated 
braces, which are supposed to be transferred by the axial force of the 
connecting beams. The buckling lengths are assumed as the member 
lengths between the connecting nodes. 

4.3. Modeling of BRBs 

The BRBs are modeled as truss elements with bi-linear force restoring 
characteristics in the 3D frame models. The initial and post-yielding 
axial stiffness and the yielding axial force are denoted as K1BRB, K2BRB 
and NYBRB, respectively. K1BRB and K2BRB are the total axial stiffness of 
combined BRB and connecting elements to the beams and columns. 
K2BRB is defined as 2% of K1BRB, which is greater than the post yielding 

stiffness of lumped plastic hinges in the columns and beams. It is because 
the strain hardening effect is more significant in BRBs [2]. Also, it is 
assumed that K1BRB is proportional to NYBRB as 

K1BRB = αNYBRB (2) 

Under this assumption, the number of design variables for a single 
BRB is reduced to one. 

The initial axial stiffness of the series of BRB and connecting ele-
ments is calculated for several BRB products [37,38]. The average value 
of the ratio of NYBRB to K1BRB is 0.19 (1/mm), i.e., α = 0.19 (1/mm) in 
Eq. (2). The first story height in the building examined is 4.8 m, which is 
higher than 3.8 m of the standard story height as shown in Fig. 4. 
However, α = 0.19 (1/mm) for all stories reasonably works, because the 
axial stiffness of BRB is relatively lower than that of the connecting el-
ements, and the difference in the stiffness of connecting elements in the 
first and other stories do not significantly affect the total axial stiffness. 
The equivalent steel volume of BRBs, denoted as VBRB, is defined as 

VBRB = 0 forNYBRB = 0
VBRB = b1NYBRB + b2 forNYBRB ∕= 0 

Note that VBRB is included in the total steel volume of the building as 
the objective function, and represents steel volume of all components in 
BRBs such as yielding steel core, buckling restraining tube and con-
necting elements. Hereinafter BRB component of any type is called “BRB 
member”. VBRB is essentially a cost indicator of BRBs, and the co-
efficients b1 and b2 in Eq. (3) are defined in view of the cost balance of 
BRBs to the normal steel of the main frames. There is no written refer-
ence on the cost and Eq. (3) is defined through hearing to engineers and 
manufacturers. 

Based on the cost estimate of BRB products and steel volume of the 
connected elements, b1 and b2 are assigned as 6.0 × 10-5 m3/kN and 
0.12 m3, respectively. For example, when NYBRB = 1000 kN or 2000 kN, 
VBRB is 0.18 m3 or 0.24 m3, respectively. Multiplying the specific weight 
and cost per unit weight of steel in the main frames of buildings to these 
numbers gives the estimated cost of BRB members, which reasonably 
agrees with the BRB cost in practice in Japan. Recognizing that defini-
tion of VBRB significantly influences the superior solutions, Eq. (5) is 
adopted as one reasonable assumption. 

The design options of NYBRB vary from zero to 5000 kN in every 500 
kN. The effective locations of BRBs are selected including NYBRB = 0 for 
nonexistence of BRB. Evaluating VBRB using Eq. (3), VBRB has a smaller 
value for fewer BRBs with higher NYBRB than more BRBs with lower 
NYBRB, as observed in the real designs. Also, in order to accelerate the 
process of finding effective BRB locations, the probability of NYBRB = 0 is 
set as 50% for finding the initial solutions in MSLS. 

Table 2 
Discrete MSLS variables.  

Symbols Members Parts Discrete variable options 

Dc Rectangular HSS columns Width Every 50 mm in 250–800 mm 
tc Thickness *1 (excluding 9 mm) 
Hwc I-shaped columns Height Every 50 mm in 300–900 mm 
Wfc Flange width Every 50 mm in 300–700 mm 
twc Web thickness *1 
tfc Flange thickness *1 (excluding 9 mm and 12 mm) 
Hw Beams Height Every 50 mm in 300–1000 mm 
Wf Flange width Every 50 mm in 200–400 mm, *2 
tw Web thickness *1 
tf Flange thickness *1, *2 
NYBRB BRB Yield axial force Every 500 kN in 0–3500 kN   

1 2 3 4 5 6 7 8 9 10 11 12 

Wf (mm2) 150 150 200 200 250 250 250 300 300 300 350 350 
tf (mm2) 12 16 16 19 19 22 25 25 28 32 32 36 
Af (103mm2) 1.8 2.4 3.2 3.8 4.8 5.5 6.3 7.5 8.4 9.6 11.1 12.6 

*1: Plate thickness options are 9, 12, 16, 19, 22, 25, 28, 32, 36 and 40 mm. 
*2: Combinational options of the flange width and thickness in beams are shown below. 
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4.4. MSLS constraints 

The constraints of MSLS are summarized in Table 3. The symbols are 
defined in Table 2. 

(*1) The allowable stress is defined in the “AIJ Design Standard for 
Steel Structures” [28]. Beams are assumed to be laterally supported. 

(*2) The width-thickness ratios for members with A or B rank [30] 
shall be satisfied. 

(*3) Optimized I-shaped sections often have relatively large height 
with thin flange thickness. In order to avoid the sections significantly 
different from standard section sizes, the constraint of tf/tw ≧ 1.3 is 
introduced for the beams. This constraint is not applicable for the col-
umns, where the uniform height is assumed and built-up sections may be 
used. 

(*4) The sum of the plastic moment of columns ΣMpc shall be greater 
than 1.5 times the sum of the plastic moment of beams ΣMpb in each 
story. This is required by the Japanese code for cold-form rectangular 
HSS columns but not for I-shaped columns; however, this is applied for 
all columns in this research. 

(*5) The beam sagging displacement δ shall be smaller than 1/300 of 
the beam length L. 

(*6) The predicted lateral strength at the safety limit shall be greater 
than the strength defined in the demand spectrum, based on CRLS. 

(*7) The beam heights in a floor shall be uniform in SFS, as in Jap-
anese practice, thus simplifying the beam-to-column connection details 
with straight splices between the beam flanges and diaphragm plates in 
columns. 

Some constraints refer to the section properties such as width-to- 
thickness ratios and strong-column-weak-beam conditions which can 
be evaluated without elastic structural analysis, and others refer to the 
structural responses such as inter-story drift ratios and allowable stress 
ratios. GX2 and GY2 beams are supported in pins at their ends as shown 
in Figs. 3 and 4, and have the section H-400 × 200 × 8 × 13, which is the 
minimum I-shaped rolled section that can carry the sustained load, and 
the section size of GX2 and GY2 is excluded from the variables. Here-
inafter, I-shaped section sizes are shown in order of their height, flange 
width, web-thickness and flange thickness in millimeter. For example, 
the height, flange width, web-thickness and flange thickness of H-400 ×
200 × 8 × 13 are 400, 200, 8 and 13 mm, respectively. The square HSSs 
are shown in order of their depth (=width) and thickness. 

4.5. Seismic Performance Requirements under CRLS 

The lateral force–displacement relationships simulated in pushover 
calculations are used in CRLS for the evaluation of seismic performance 
against large earthquakes. In this research, CRLS is executed by referring 
to the procedures in Refs. [30,32,33]. Major assumptions for CRLS are 
summarized below:  

(a) The acceleration response spectrum at bedrock Sabd with 5% 
damping factor as shown in Fig. 5 is adopted.  

(b) Soil type II [30] (the most common soil condition in Japan) is 
assumed. Multiplying the seismic amplification factor Gs to Sabd, 
the acceleration response spectrum Sagf at the ground surface is 
obtained as shown in Fig. 5 [30].  

(c) The safety limit is defined as the state when the maximum inter- 
story drift ratio reaches 1.5% or any of columns buckles under the 
incremental lateral force distribution factor Ai defined in Eq. (1).  

(d) The serviceability limit is defined as the state when any of BRB, 
column or beam yields.  

(e) The reduction factor Fh, which is the ratio between the elastic and 
inelastic demand spectra in Fig. 1, is derived from [30] 

Fh =
1.5

1 + 10h
(4)  

h = 0.25
(
1 − 1/

̅̅̅̅̅̅
Df

√ )
+ 0.05 (5)  

Df =
ΔsQd

ΔdQs
(6)  

where, h is the equivalent viscous damping factor, and Df is a coefficient 
representing structural ductility (ductility factor). Also, Δs and Qs are the 
displacement and strength (capacity) of the equivalent SDOF system at 
the safety limit. Similarly, Δd and Qd are the displacement and strength 
at the serviceability limit. 

5. Properties of SDSs 

5.1. MSLS results 

The section sizes and BRB yield strength of five SDSs obtained by 
MSLS of the building in Fig. 3 are shown in Tables 4 and 5 for SFS and 
PFS, respectively. Five SDSs for each of SFS and PFS are listed in the 
Tables. There are three spans in the perimeter lateral frames with BRBs, 
and the section sizes are grouped in three parts, which are the vertical 
classification as shown in Fig. 4 and Table 1. The obtained section sizes 
are shown in each cell for a group, where the section sizes in the third to 
first parts are listed in the first to third rows, respectively, corresponding 
to the vertical locations. The numbers for BRBs indicate the yield axial 
force NYBRB (kN), and ‘-’ symbol indicates no BRB existing in the cor-
responding part. In addition to the obtained BRB locations in the lateral 
frames in X and Y directions indicated in Fig. 3, the values of equivalent 
steel volume Veq are also shown in Tables 4 and 5. 

3D inelastic frame models are created for these SDSs using a com-
mercial simulation software Midas iGen [36]. First, the elastic analysis 
for the allowable stress check is conducted. The stress ratios of the SDS 
members are shown in Tables 4 and 5 with parentheses. Three load 
combinations considered here are the sustained load and the sustained 
load in addition to seismic loads for X and Y directions, respectively, 
which are indicated in Fig. 3. Hereinafter, the combined sustained load 
and seismic loads in X and Y direction, respectively, are simply called “X 
seismic load” and “Y seismic load”. The seismic loads are defined for 
design against small and moderate earthquakes, and their base shear 
coefficient is 0.2, i.e., the lateral loads are equivalent to 0.2 g. 

Seven different combinations of BRB locations are observed in total 
in the SDSs of SFS and PFS as shown in Tables 4 and 5. The locations in 
the 1st SDSs of SFS and PFS in both X and Y directions are identical, in 
which the BRBs are placed in the middle span in the 1st and 3rd parts, 
and are placed in the side spans in the 2nd part. This BRB location is 
obtained in eight lateral frames as shown in red in Tables 4 and 5 among 
20 independent lateral frames in X and Y directions in SFS and PFS. 
Considering the member grouping, the obtained location is regarded as 
checkerboard pattern, avoiding vertically continuous placement of the 
BRBs. This BRB location is effective for resisting lateral forces reducing 

Table 3 
MSLS constraints.  

No. Lateral 
System 

Constraints 

1 All Allowable stress constraints, σ ≦ σa (*1) 
2 Width-thickness constraints for beams and columns 

with A or B rank e.g. Dc/tc ≦ 31.4 
(*2) 

4 tf/tw ≧ 1.3 for beams (*3) 
5 Strong-column-weak-beam constraint, ΣMpc ≧ 

Σ1.5Mpb 

(*4) 

6 Beam sagging constraint, δ < L/300 (*5) 
7 Constraint for inter-story drift ratio under seismic 

design load, R ≦ 0.5%  
8 CRLS (*6) 
9 SFS Uniform beam height in a floor (*7) 
10 Uniform column width  
11 PFS Uniform column height (non-uniform flange width)   
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additional axial forces in the columns. 
No BRB exists in the first story in the lateral frames in X direction in 

5th SDSs of both SFS and PFS. Consequently, the C2 columns and GX1 
beams of PFS in the 2nd floor in these frames are significantly larger 
than those in other SDSs. The 5th SDSs satisfy CRLS and other MSLS 
constraints; however, the inter-story drifts and ductility factors in the 
first story in these frames are larger in RHA as shown later in Section 5.4. 
On the other hand, alternative SDSs shown in Section 5.7 may be more 
acceptable, where inelastic deformation in the main frames is refrained 
and seismic energy dissipation effect is more expected in BRBs. 

5.2. Structural characteristics 

The stress ratios, which are the ratios of the stresses under the three 
load combinations, respectively, to the allowable stress, are shown in 
Tables 4 and 5. “L”, “X” and “Y” in the brackets indicate the dominating 
load combinations among sustained load, X seismic load and Y seismic 
load, respectively, which correspond to the highest stress ratios. It is 
noteworthy that the allowable stress for the sustained load is 2/3 of that 
for the seismic loads [28] and therefore the sustained load can be 
dominant, although X and Y seismic loads include the sustained load. 
The axial compression ratios of the columns, which are the ratios of 
compressive stress under the sustained load to the yield stress, are less 
than 0.49 for SFS and 0.37 for PFS. The stress ratios of BRBs are close to 
1.0. Therefore, X and Y seismic loads control the BRB design. 

Next, focusing on the 1st SDSs of SFS and PFS, inelastic pushover 
analysis results are discussed. The modeling assumptions are essentially 
the same as those for MSLS calculations; however, there is a difference in 
the iterations in the incremental load steps. In MSLS, no iteration is 
performed and the unbalanced loads are carried over to the next 
increment for reducing the computational cost, while the unbalanced 
loads are reduced by Newton iterations in inelastic analysis using Midas 
iGen. Thanks to the strong-column-weak-beam constraint, columns 
remain elastic at their safety limits of 1.5% inter-story drift ratio. 
Ductility factor for beam is defined as the ratio of element rotation angle 
at the safety limit to that at yielding, and the ductility factor for BRBs is 
the ratio of axial deformation at the safety limit to the yielding axial 
deformation. In the 1st SDSs, the ductility factors of beams and BRBs are 
less than 2.0 and 8.0, respectively. The maximum ductility factor of 
beams in SFS is 2.24, which is slightly greater than 1.68 in PFS. These 
values are smaller than the ultimate ductility factor for general beams, 
which is around 6 [33]. Also, the maximum ductility factors of BRBs for 
SFS and PFS are 7.57 and 7.69, respectively. With these values, it is 
confirmed that excessive ductile deformation is not required under the 
specified safety limit. 

5.3. CRLS results 

The relationships between the lateral forces and displacements of 
each story obtained from the pushover calculations of the 1st SDSs are 
converted to the representative relationship in an equivalent SDOF 
system [32,33], which is defined as “capacity spectrum” as shown in 
Fig. 1. 

The calculated capacity spectra of SDSs are plotted in Fig. 6. The 
diamond at the end of capacity spectrum indicates the safety limit, and 
the square indicates the serviceability limit, which mostly corresponds 
to yielding of BRBs rather than yielding of columns and beams. The 
circle is the predicted response, which is obtained as the intersection of 
the capacity spectrum and the reduced demand spectrum with the 
reduction factor Fh defined in Eqs. (1)–(3). Fig. 6 shows that the safety 
limits (diamonds) and predicted responses (circles) are close in all cases. 
Therefore, it is seen that the obtained SDSs are highly controlled by 
CRLS. 

Let CQU1 denote the base-shear coefficient at the ultimate lateral 
strength, which is defined as a lateral strength at the maximum inter- 
story drift reaching 1.25%. The values of CQU1 are 0.36 and 0.32 for 
X and Y dirs., respectively, in SFS, and 0.29 and 0.31 for X and Y dirs., 
respectively, in PFS. As seen from Fig. 6, PFS has smaller values of CQU1 
and Fh than SFS. Therefore, more energy is dissipated by BRBs in SDS of 
PFS than SFS. 

CQU1 of the main frames without BRBs CQUMF1 is calculated as 0.11 
for both X and Y dirs. in SFS, and 0.034 and 0.060 for X and Y dirs. 
respectively in PFS. The base-shear coefficient of design seismic load C0 
is 0.2, and CQUMF1 is 55% of C0 for SFS and 17–30% for PFS. The SEI/ 
ASCE 7–16 [29] requires that the moment resisting frame (MRF) should 
be capable of resisting at least 25% of the prescribed seismic force in 
dual systems composed by BRBs and MRF. The quantitative evaluation 
between the design seismic load and prescribed seismic force in SEI/ 
ASCE is difficult due to the difference of the design procedures; however, 
it is noteworthy that the SDSs of PFS may not satisfy the SEI/ASCE 
requirement. 

Defining the ductility factor μ of the equivalent SDOF system as the 
ratio of the lateral displacement Δs at the safety limit to the displace-
ment Δd at the serviceability limit, i.e., μ = Δs/Δd, the values of μ for X 
and Y directions are 4.43 and 4.68 for SFS and 4.35 and 4.39 for PFS, 
which are within the allowable range. The equivalent natural periods at 
the safety limits are 1.44 and 1.55 for X and Y dirs., respectively, in SFS, 
and 1.62 and 1.50 for X and Y dirs., respectively, in PFS. 

Fig. 5. Acceleration response spectra of ground motions under 5% damping constant.  
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5.4. Response history analysis 

RHA is conducted for the SDSs to evaluate their structural charac-
teristics using a commercial software SNAP [39]. The modeling as-
sumptions are basically the same as those used in the static pushover 
analysis model. The damping factor is assigned as 2% for the first natural 
period, and the tangent stiffness proportional damping matrix is used. 

Three ground motions for very rare earthquakes are generated to fit 
the response spectrum defined in Fig. 5. The phases of waves are 
randomly assigned and the duration is 50 s. The acceleration spectra of 
these ground motions are superimposed in Fig. 5. The time increment in 
RHA is 0.005 sec., and Newmark β method (β = 1/4) is used for the time 
integration. 

Fig. 7 shows the mean values of maximum inter-story drift ratio Rmax 
of five SDSs under the three seismic ground motions. The responses in X 
and Y directions are both plotted in one figure separately for SFS and 
PFS. Rmax of 1st story in 5th SDS of SFS in X direction has a significantly 
large value that is close to 2% due to absence of the BRB in the 1st part. 

The averages of Rmax in five SDSs in both X and Y directions are 1.52% 
for SFS and 1.54% for PFS. They are close to the predicted response 
which is equal to the inter-story drift ratio given for the limit-state in 
CRLS. Fig. 8 shows cumulative distribution of Rmax for SFS and PFS, and 
normal distribution for reference. The distribution of SFS exhibits a 
slightly larger variation of responses than PFS. 

Fig. 9 shows the mean values of maximum story shear coefficient 
Cmax of five SDSs under the three seismic ground motions. The vertical 
lateral force distribution mode Ai, used in the pushover simulations, is 
superimposed with the base-shear coefficient equal to 0.3. It is 
confirmed that Cmax values are greater than Ai in the higher stories. 

Fig. 10 shows the mean values of maximum residual inter-story drift 
ratios θR of five SDSs under the three seismic ground motions. The mean 
values of θR in five SDSs in both X and Y directions are 0.24% for SFS and 
0.30% for PFS, i.e., PFS has a larger θR value than SFS. However, these 
values are within tolerance and the residual deformation can be repaired 
after the large earthquakes. 

The maximum ductility factors of structural elements including 

Table 4 
Superior design solutions of space frame system (SFS).   

1 2 3 4 5 

C1 350×350×12(0.55)[Y] 
350×350×12(0.85)[Y]  
350×350×16(0.82)[Y] 

300×300×12(0.61)[L]  
300×300×12(0.90)[Y]  
300×300×19(0.96)[Y] 

300×300×12(0.65)[L]  
300×300×28(0.49)[Y]  
300×300×19(0.91)[Y] 

300×300×12(0.60)[L]  
300×300×12(0.89)[Y]  
300×300×28(0.75)[Y] 

350×350×12(0.61)[Y]  
350×350×12(0.86)[Y]  
350×350×16(0.81)[Y] 

C2 350×350×12(0.56)[X]  
350×350×12(0.82)[X]  
350×350×22(0.66)[X] 

250×250×22(0.53)[L]  
250×250×19(0.90)[X]  
250×250×22(0.83)[X] 

250×250×12(0.85)[X]  
250×250×19(0.92)[X]  
250×250×28(0.69)[X] 

300×300×12(0.65)[L]  
300×300×19(0.76)[X]  
300×300×32(0.65)[X] 

500×500×19(0.25)[X]  
500×500×22(0.37)[X]  
500×500×32(0.96)[X] 

C3 300×300×22(0.22)[L]  
300×300×12(0.71)[L]  
300×300×12(0.86)[L] 

300×300×12(0.37)[L]  
300×300×12(0.70)[L]  
300×300×16(0.66)[L] 

300×300×12(0.38)[L]  
300×300×12(0.71)[L]  
300×300×12(0.85)[L] 

250×250×12(0.49)[L]  
250×250×12(0.88)[L]  
250×250×19(0.72)[L] 

250×250×12(0.48)[L]  
250×250×16(0.68)[L]  
250×250×25(0.76)[X] 

GX1 300×250×9×19 (0.43)[X]  
300×200×9×16 (0.48)[X]  
400×250×12×19(0.34)[X] 

300×150×9×12 (0.72)[X]  
300×150×9×16 (0.56)[L]  
350×150×12×16(0.45)[L] 

300×150×9×12 (0.68)[L]  
350×200×12×16(0.47)[X]  
300×250×9×19 (0.32)[L] 

300×150×9×12 (0.88)[X]  
300×250×9×19 (0.57)[X]  
450×200×12×19(0.37)[X] 

300×150×9×12 (0.72)[L]  
350×150×12×16(0.49)[X]  
450×200×12×16(0.69)[X] 

GX2 300×150×9×12 (0.93)[L]  
300×200×9×16 (0.58)[L]  
400×200×9×19 (0.35)[X] 

300×150×9×12 (0.90)[L]  
300×200×9×16 (0.56)[L]  
350×250×9×19 (0.34)[L] 

300×150×9×12 (0.96)[L]  
350×150×9×12 (0.81)[L]  
300×250×9×19 (0.40)[L] 

300×150×9×16 (0.78)[L]  
300×150×9×12 (0.90)[L]  
450×150×9×12 (0.52)[L] 

300×150×9×12 (0.90)[L]  
350×150×9×12 (0.71)[L]  
450×150×9×16 (0.59)[X] 

GY1 300×150×9×12 (0.70)[Y]  
300×150×9×16 (0.55)[L]  
400×200×12×16(0.31)[Y] 

300×150×9×16 (0.56)[L]  
300×250×9×19 (0.39)[Y]  
350×200×12×19(0.34)[Y] 

300×150×9×12 (0.69)[L]  
350×250×12×19(0.41)[Y]  
300×250×9×25 (0.32)[Y] 

300×200×9×19 (0.39)[L]  
300×250×9×22 (0.35)[Y]  
450×250×12×19(0.32)[Y] 

300×250×9×22 (0.41)[Y]  
350×250×12×19(0.27)[Y]  
450×150×12×16(0.33)[Y] 

GY2 300×150×9×12 (0.94)[L]  
300×150×9×12 (0.91)[L]  
400×200×9×16 (0.43)[Y] 

300×150×9×12 (0.91)[L]  
300×200×9×16 (0.56)[L]  
350×200×9×16 (0.48)[L] 

300×150×9×12 (0.93)[L]  
350×150×9×16 (0.60)[L]  
300×250×9×19 (0.41)[L] 

300×150×9×12 (0.95)[L]  
300×150×9×16 (0.76)[L]  
450×150×9×16 (0.46)[Y] 

300×150×9×12 (1.00)[L]  
350×150×9×12 (0.82)[L]  
450×150×9×16 (0.50)[Y] 

BRX1 – 
1500(0.86)[X]  
– 

– 
1500(0.87)[X]  
3000(0.56)[X] 

– 
1500(0.88)[X]  
2500(0.66)[X] 

1000(0.84)[X]  
1500(0.84)[X]  
2000(0.78)[X] 

– 
2000(0.87)[X]  
– 

BRX2 2000(0.78)[X]  
– 
3500(0.85)[X] 

2000(0.82)[X]  
– 
– 

2000(0.80)[X]  
– 
– 

– 
– 
– 

1500(0.99)[X]  
– 
– 

BRY1 – 
1500(0.91)[Y]  
– 

1000(0.96)[Y]  
– 
2000(0.83)[Y] 

1000(0.97)[Y]  
– 
– 

1000(0.95)[Y]  
– 
– 

– 
1500(0.90)[Y]  
– 

BRY2 2000(0.82)[Y]  
– 
3000(0.98)[Y] 

– 
3000(0.82)[Y]  
– 

– 
3000(0.82)[Y]  
3500(0.90)[Y] 

– 
3000(0.83)[Y]  
3000(0.99)[Y] 

1500(0.98)[Y]  
– 
3000(0.89)[Y] 

Veq 44.3 m3 44.6 m3 45.1 m3 46.3 m3 47.7 m3 

T1 0.89 (X), 0.94 (Y) 0.89 (X), 0.96 (Y) 0.89 (X), 0.93 (Y) 0.99 (X), 0.95 (Y) 1.00 (X), 0.94 (Y) 
TMF1 2.69 (X), 3.21 (Y) 3.13 (X), 3.08 (Y) 3.02 (X), 2.92 (Y) 2.89 (X), 3.02 (Y) 2.55 (X), 2.61 (Y) 
Ka/Kf 8.2 (X), 10.7 (Y) 11.5 (X), 9.4 (Y) 10.6 (X), 8.9 (Y) 7.5 (X), 9.2 (Y) 5.6 (X), 6.8 (Y) 
X 

Y 
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columns, beams and BRBs, computed as the mean values of maximum 
ductility factors in three ground motions, are shown in Table 6. Because 
there is no BRB in the 1st part (=1st story) of lateral frames in X direction 
of both SFS and PFS, the ductility factors of the columns in the part are as 
high as 2.53 for SFS and 2.12 for PFS. The columns yield in limited cases 
only at the 1st story with the ductility factors less than 1.3 in both SFS 
and PFS. The ductility factors of beams are lower than 4, which is the 
upper bound in a common beam design criterion in Japanese practice. 
The ductility factors of BRBs are between 5.9 and 8.0 in SFS, while they 
are distributed in larger values between 6.7 and 8.7 in PFS. 

5.5. Steel volume 

Composition of the total steel volume Veq of SDSs in Tables 4 and 5 is 
shown in Fig. 11. The volume of BRBs is computed using the equivalent 
value Veq in Eq. (5) is shown as “1.0-SDS” in Fig. 11, where “1.25-SDS”, 
“1.5-SDS” and “EF-SDS” are also shown and explained below. The values 
of Veq of the 1st SDSs are 44.2 m3 for SFS, while that of PFS is 45.8 m3 

which is 4% larger than SFS. Although the uniform beam height con-
straints are assigned in SFS, it does not cause any increase of steel vol-
ume under the uniform column spacing in both X and Y directions. The 
equivalent steel volume of BRBs is higher in PFS, because more lateral 
force is carried by the main frames in SFS. The difference of Veq between 
the 1st and 5th SDSs is relatively small as 7.8% in SFS and 5.4% in PFS. 
Therefore, the BRB locations do not necessarily govern the overall steel 
volume. 

Assuming that the section sizes of secondary beams, which are sup-
ported by the primary beams but not columns, are all H- 
350×175×7×11, the total steel volume of secondary beams in the 
building is 5.51 m3. The steel volumes of through-diaphragm plates in 
SFS and continuity plates in PFS in the column-to-beam connections are 
roughly calculated as 2.5 m3 and 1.2 m3, respectively [18]. In addition, 
including assumed 30% extra miscellaneous steel, the total steel volume 
is 67.9 m3 and 68.3 m3 for SFS and PFS, respectively. The corresponding 
steel weight per unit area of floor is 116 kg/m2 and 117 kg/m2. Statistics 
[40] shows that the average steel weight in Japanese steel office 

Table 5 
Superior design solutions of perimeter frame system (PFS).   

1 2 3 4 5 

C1 400×300×12×16(0.68)[Y]  
400×400×12×22(0.63)[Y]  
400×400×12×32(0.68)[Y] 

450×300×12×19(0.61)[Y]  
450×300×12×36(0.56)[Y]  
450×300×12×36(0.74)[Y] 

400×300×12×25(0.49)[Y]  
400×300×12×32(0.63)[Y]  
400×300×12×36(0.70)[Y] 

600×350×16×19(0.41)[Y]  
600×350×16×19(0.61)[Y]  
600×300×16×36(0.76)[Y] 

450×400×12×28(0.20)[Y]  
450×350×12×19(0.63)[Y]  
450×400×12×36(0.73)[Y] 

C2 350×300×12×19(0.63)[X]  
350×300×12×28(0.73)[X]  
350×350×12×28(0.88)[X] 

350×300×12×16(0.71)[X]  
350×300×12×25(0.82)[X]  
350×350×12×28(0.89)[X] 

550×300×16×16(0.56)[X]  
550×350×16×19(0.65)[X]  
550×300×16×36(0.85)[X] 

450×300×12×22(0.51)[X]  
450×300×12×22(0.81)[X]  
450×350×12×28(0.92)[X] 

600×300×16×16(0.53)[X]  
600×300×16×22(0.71)[X]  
600×600×16×32(0.94)[X] 

C3 350×300×12×25(0.29)[L]  
350×300×12×19(0.72)[L]  
350×300×12×22(0.84)[L] 

300×300×9×16 (0.45)[L]  
300×300×9×22 (0.69)[L]  
300×300×9×22 (0.89)[L] 

350×300×12×19(0.36)[L]  
350×300×12×16(0.82)[L]  
350×300×12×32(0.61)[L] 

300×300×9×16 (0.45)[L]  
300×300×9×22 (0.69)[L]  
300×300×9×28 (0.72)[L] 

400×300×12×19(0.35)[L]  
400×300×12×19(0.70)[L]  
400×300×12×22(0.84)[X] 

GX1 300×150×9×12 (0.70)[X]  
300×150×9×16 (0.54)[L]  
350×250×12×22(0.26)[X] 

300×150×9×16 (0.64)[X]  
300×250×9×22 (0.28)[X]  
400×250×12×22(0.25)[X] 

300×200×9×16 (0.55)[X]  
300×200×9×16 (0.41)[L]  
350×250×12×25(0.28)[X] 

350×150×12×16(0.61)[X]  
350×200×12×16(0.37)[X]  
400×250×12×22(0.29)[X] 

400×200×12×16(0.51)[X]  
300×200×9×16 (0.41)[L]  
650×250×19×25(0.53)[X] 

GX2 400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L] 

400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L] 

400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L] 

400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L] 

400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L] 

GY1 300×200×9×16 (0.55)[Y]  
350×200×12×19(0.34)[Y]  
600×250×16×22(0.24)[Y] 

300×150×9×12 (0.70)[Y]  
300×200×9×19 (0.37)[Y]  
300×150×9×12 (0.26)[Y] 

300×150×9×16 (0.63)[Y]  
300×150×9×16 (0.53)[L]  
300×200×9×16 (0.41)[L] 

400×200×12×16(0.53)[Y]  
350×200×12×16(0.39)[Y]  
350×250×12×19(0.34)[Y] 

300×150×9×12 (0.65)[L]  
400×200×12×19(0.45)[Y]  
450×250×12×25(0.37)[Y] 

GY2 400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L] 

400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L] 

400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L] 

400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L] 

400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L]  
400×200×8×13 (0.90)[L] 

BRX1 – 
1500(0.93)[X]  
– 

– 
1500(0.92)[X]  
– 

– 
1500(0.92)[X]  
– 

– 
1500(0.93)[X]  
– 

– 
2000(0.84)[X]  
– 

BRX2 2000(0.87)[X]  
– 
3500(0.88)[X] 

2000(0.86)[X]  
– 
3500(0.89)[X] 

2000(0.84)[X]  
– 
3500(0.83)[X] 

2000(0.85)[X]  
– 
3000(0.99)[X] 

2000(0.80)[X]  
– 
– 

BRY1 – 
1500(0.91)[Y]  
– 

– 
1500(0.94)[Y]  
1000(0.77)[Y] 

– 
1500(0.93)[Y]  
3000(0.57)[Y] 

– 
1500(0.93)[Y]  
2000(0.78)[Y] 

1000(0.98)[Y]  
– 
– 

BRY2 2000(0.86)[Y]  
– 
3500(0.86)[Y] 

2000(0.87)[Y]  
– 
2500(0.72)[Y] 

2000(0.88)[Y]  
– 
– 

2000(0.83)[Y]  
– 
– 

– 
3000(0.85)[Y]  
3000(0.92)[Y] 

Veq 45.8 m3 46.4 m3 47.2 m3 47.2 m3 48.3 m3 

T1 0.93 (X), 0.91 (Y) 0.94 (X), 0.90 (Y) 0.91 (X), 0.89 (Y) 0.94 (X), 0.89 (Y) 0.94 (X), 0.93 (Y) 
TMF1 4.72 (X), 3.53 (Y) 4.03 (X), 4.45 (Y) 3.87 (X), 4.82 (Y) 3.69 (X), 3.37 (Y) 3.12 (X), 3.37 (Y) 
Ka/Kf 24.4 (X), 14.1 (Y) 17.4 (X), 23.7 (Y) 17.2 (X), 28.5 (Y) 14.4 (X), 13.4 (Y) 9.9 (X), 12.2 (Y) 
X 

Y 
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buildings with the similar sizes as examined here is 131 kg/m2. 
Although the ratio of equivalent steel volume of BRBs to the total vol-
ume in the building is relatively high as approximately 40% in both 1st 
SDSs, the total steel weights in SDSs are approximately 10% lower than 
the statistic average. This shows the efficiency and usefulness of the 
proposed MSLS algorism for structural design of steel buildings associ-
ated with BRBs considering the section sizes in the main frames and the 
BRB strength and locations simultaneously as the design variables. 

5.6. Lateral stiffness 

Focusing on the 1st SDSs of SFS and PFS, the first natural periods T1 

are 0.89 and 0.94 sec in SFS, and 0.93 and 0.91 sec in PFS. On the other 
hand, for the main frames without BRBs, the first natural periods TMF1 
are 2.69 and 3.21 sec in SFS, and 4.72 and 3.53 sec in PFS. Without 
BRBs, the lateral stiffness of PFS is lower than that of SFS. Assuming that 
the reciprocal of square of first natural period is proportional to the 
lateral stiffness, the ratio of elastic lateral stiffness with BRBs Ka to the 
stiffness Kf of main frame is calculated for each frame. The values of Ka/ 
Kf are 8.2 and 10.7 in SFS, and 24.4 and 14.1 in PFS. Also, the ratio of 
lateral force carried by BRBs is more than 65% for SFS and more than 
85% for PFS. These values are significantly larger, especially in PFS, 
than those studied in the previous research [1,14]. 

The values of T1, TMF1 and Ka/Kf for 1st to 5th SDSs are shown in 

Fig. 6. Sa-Sd relationships of SDSs.  

Fig. 7. Mean values of maximum inter-story drift ratios under three seismic ground motions.  
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Table 4 and 5. Looking at the values of Ka/Kf, they are greater than those 
of PFS. Therefore, lateral stiffness of the main frames is relatively lower 
in SDSs of PFS. This fact results in the larger residual inter-story drift 
ratios and ductility factors in PFS. The large value of Ka/Kf, i.e., the large 
lateral stiffness of BRBs, in SDSs is also observed from the small section 
sizes in the main fame in Table 4 and 5, e.g., small beam heights between 
300 and 450 mm. Possible reasons for this are the relatively small and 
uniform column spacing (6.4 m), and wide range of possible BRB loca-
tions. On the other hand, the ductility factors of SDSs at the limit state in 
CRLS and RHA are not excessive. Also, the residual displacements 
simulated in RHA are within the tolerance. Additionally taking into 

account the efficiency in equivalent steel volume Veq of SDSs evaluated 
in the previous section, rationale of structural design of steel buildings 
with BRBs under higher Ka/Kf is implied. 

5.7. SDSs with higher demand levels 

The SDSs under greater demand spectra are derived in the same 
procedure as described in the previous sections. Sa and Sd in the demand 
spectrum in Fig. 5 is scaled by the factor 1.25 and 1.5, respectively. 
Hereinafter, the SDSs corresponding to the original and greater demands 
are denoted as 1.0-, 1.25- and 1.5-SDS, respectively. Also, EF-SDSs are 
obtained under original spectrum shown in Fig. 5 with additional design 
constraint that the beams and columns, i.e., the main frame members, 
remain elastic at the limit-state. It is confirmed that these SDSs satisfy 
the ASD and CRLS constraints. The capacity at the safety limit in all SDSs 
is nearly equal to the demand as shown in Fig. 6 for the 1.0-SDSs. 

The values of equivalent steel volume for each type of members of 
the 1st 1.25-, 1.5-, EF-SDSs are shown in Fig. 11. The increase of the total 
equivalent steel volume Veq with respect to the increase of demand 
spectrum is almost the same in SFS and PFS, and Veq is nearly propor-
tional to the demand level. It implies that the design of structural 
members excluding the secondary beams is primarily controlled by the 
seismic design. Veq of EF-SDSs is between those of 1.0-SDSs and 1.25- 
SDSs both in SFS and PFS, and is 119% (SFS) and 109% (PFS) of that 
of 1.0-SDSs. Therefore, the elastic main frame constraint does not 
drastically increase the steel volume. The maximum ductility factors in 
members of 1.0- and EF-SDSs at the limit-state in CRLS are also shown in 
Table 6. Those values of main frames are almost less than 1.0. Therefore, 

Fig. 8. Cumulative distribution of inter-story drift ratio.  

Fig. 9. Mean values of maximum story shear coefficients under three seismic ground motions.  

Fig. 10. Mean values of maximum residual inter-story drift ratios under three seismic ground motions.  
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structural design providing the role of energy dissipation to BRBs 
separately, while the main frame remains intact under large earth-
quakes, is achieved in CRLS of EF-SDSs. The RHA under the three ground 
motions shown in Fig. 5 are conducted to these SDSs. The average values 
of maximum ductility factors in members for the three ground motions 
are 2.09 and 2.58 for SFS and PFS in 1.0-SDSs, and 1.10 and 1.51 for SFS 
and PFS in EF-SDSs. These values are smaller in EF-SDSs; however, the 
mean values of maximum residual inter-story drift ratios for the three 
ground motions are 0.30% and 0.29% for SFS and PFS in 1.0-SDSs, and 
0.25% and 0.47% for SFS and PFS in EF-SDSs. The residual inter-story 
drift ratios of 1.0-SDSs are smaller than those of EF-SDSs in SFS, but it 
is opposite in PFS. Therefore, the smaller ductility factors in the main 
frames do not necessarily correspond to smaller residual inter-story drift 
ratios. 

Comparing 1.0-, 1.25- and 1.5-SDSs, the first natural period becomes 
smaller as the seismic demand is increased. The values of Ka/Kf of SDSs 

vary between 5 and 17, and no obvious relationships are observed be-
tween the stiffness ratios and seismic demands. The average values of 
maximum inter-story drift ratios under the three ground motions in 
Fig. 5, which are 0.78% and 0.85% for SFS and PFS, respectively, in 1.5- 
SDSs are shown in Fig. 12. It is seen that the inter-story drift ratio de-
creases due to the increase of the seismic demand. Thus, the SDSs with 
higher seismic performance are successfully derived. 

6. Conclusions 

A structural design algorithm is proposed to find SDSs using the 
MSLS method for steel buildings associated with BRBs. The strengths 
and locations of BRBs in addition to the section sizes of structural 
members are considered as discrete design variables. The steel volume 
including BRBs is minimized as an objective function. The SDSs satisfy 
serviceability constraints under the ASD process against sustained and 

Table 6 
Ductility factors in response history analyses.   

SDS 1st 2nd 3rd 4th 5th EF-SDS  

Direction X Y X Y X Y X Y X Y X Y 

SFS Column – – – – – 1.14 – – 2.53 – – – 
Beam 1.40 2.09 1.55 1.33 1.65 1.42 2.13 1.92 3.59 1.47 1.10 1.07 
BRB 6.84 7.74 7.27 7.19 6.83 7.96 6.75 7.19 7.28 5.85 7.05 7.05 

PFS Column – 1.03 1.14 – – – 1.25 – 2.12 – – 1.08 
Beam 2.58 1.81 2.17 2.06 2.09 2.36 2.40 2.17 3.02 2.54 1.62 1.51 
BRB 8.64 7.05 8.08 7.84 7.54 8.21 8.29 7.09 6.84 6.72 6.64 6.90 

“– ” indicates the ductility ratios less than one. (i.e., no yielding in the members). 

Fig. 11. Steel volume of SDSs.  

Fig. 12. Maximum inter-story drift ratios in 1st 1.0–1.25- and 1.5-SDSs.  
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design seismic loads, as well as limit-state constraints under the CRLS for 
large earthquakes. The SDSs of a seven-story office building in the SFS 
and PFS are derived, where the columns are square hollow structural 
sections and most of the beam-to-column connections are moment 
connections in SFS, and the columns are I-shaped sections and the 
moment connections are limitedly used in the perimeter frames in PFS. 

Applying the proposed design procedure, the entire seismic resisting 
systems of the buildings composed of the main frames and BRBs are 
designed taking into consideration the seismic energy dissipation effect 
of BRBs using CRLS. It is confirmed that the SDSs are successfully 
designed satisfying almost all of the practical structural design con-
straints. The proposed algorithm can be a good tool to find the structural 
characteristics of rational steel building design with respect to various 
design conditions. 

The equivalent steel volume of the 1st SDS of PFS is 4% larger than 
that of the SFS. SFS is slightly advantageous in terms of the equivalent 
steel volume in the examined building; however further studies in 
various aspects such as fabrication cost or irregularity in the plans and 
shapes are needed for more general comparative structural character-
istic evaluation between SFS and PFS. The ratio of equivalent steel 
volume of BRBs to the total volume in the building is relatively high as 
approximately 40% in SDSs of both SFS and PSF; however, the total steel 
weight in SDSs is approximately 10% smaller than the statistic average 
of existing buildings. 

The ratios of seismic lateral forces carried by BRBs in the elastic state 
are more than 65% of the total frame. The ratios of elastic lateral stiff-
ness provided by BRBs with respect to the stiffness of main frames (Ka/ 
Kf) are 8.2 and 10.7 for X and Y dir., respectively, in SFS and 24.4 and 
14.1 in PFS, which are larger than the standard design. Rationale of 
structural design of steel buildings with BRBs under higher Ka/Kf is 
implied. 

Seven different combinations of BRB locations are observed in total 
in the top five SDSs of SFS and PFS. The difference of equivalent steel 
volume between the 1st and 5th SDSs is relatively small as 7.8% in SFS 
and 5.4% in PFS. Therefore, the BRB locations do not necessarily govern 
the overall steel volume. 

The increase of equivalent steel volume with respect to the increased 
demand spectra is nearly proportional to the demand level both in SFS 
and PFS, because the design of structural members is primarily 
controlled by the seismic design. The elastic main frame constraint does 
not drastically increase the steel volume, and it is less than that of 1.25- 
SDSs. The ductility factors in the main frames in EF-SDS are smaller than 
those in 1.0-SDSs; however it does not correspond to smaller residual 
inter-story drift ratios. 
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