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Abstract

In this study, a direct displacement design procedure for steel frames with buckling-restrained braces (BRBs) is presented. The
proposed structure system is composed of a hinge-connected main structure, which is designed to remain elastic under seismic
load, and BRBs resisting all lateral loads. At seismic event, the BRBs dissipate dynamic energy through stable hysteretic beha-
vior. A displacement-based seismic design procedure is applied to model structures to check the applicability of the design pro-
cedure. Two artificial earthquake records are generated from a design spectrum, and the response spectra constructed based on
the earthquake records are utilized in the design process. Time-history analyses are carried out to confirm that the maximum dis-
placements coincide with the target displacements. The results show that the seismic performance of the 3- and 5-story model
structures designed in accordance with the proposed method coincide well with the given design objectives.
# 2003 Published by Elsevier Ltd.
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1. Introduction

The conventional philosophy of seismic design

depends on inelastic deformation of structural mem-

bers for dissipation of input earthquake energy. This

design concept may provide safety and economy in

seismic design, but may not prevent damages in struc-

tures after being shaken by an earthquake. The damage

in main structural members can be prevented or mini-

mized by connecting beams and columns with hinges,

and employing lateral-load resisting members to with-

stand lateral seismic load [1]. In this so-called a dam-

age-tolerant braced frame (DTBF), most of the energy

dissipation and structural damages caused by an earth-

quake will be concentrated on the lateral-load resisting

members, and the main members will remain elastic.

After earthquake, the damaged lateral-load resisting

members can be replaced easily at reasonable cost.
Generally, steel braces are used as an economic

means of providing lateral stiffness to a steel structure.
However, the energy dissipation capacity of a steel
braced structure subjected to earthquake loads is lim-
ited due to the buckling of the braces. This is the main
reason for most seismic design provisions to regulate
lower value for the response modification factor to a
braced frame than to a moment frame. The energy dis-
sipation or damage prevention capacity of a steel
framed structure can be greatly enhanced by employing
buckling-restrained braces (BRBs). They usually con-
sist of a steel core capable of undergoing significant
inelastic deformation and a casing for restraining glo-
bal and local buckling of the core element. According
to previous research [2–5], an BRB exhibits stable hys-
teretic behavior with high-energy dissipation capacity.
The use of BRBs greatly enhances the energy dissi-
pation capacity of the structure and decreases the
demand for inelastic deformation in main structural
members.

In this study, the applicability of the direct displace-
ment design method [6] on an DTBF structure is
investigated. The design procedure is applied to a
single-degree-of-freedom (SDOF) system first, and is
further extended to 3- and 5-story structures to verify
the applicability of the method. The BRBs are
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designed to resist lateral load so that the maximum
roof displacement coincides with a given target dis-
placement. The pin-connected beams and columns are
designed for gravity loads plus the seismic load trans-
ferred from the braces so that they remain elastic dur-
ing earthquake. Two artificial earthquake records are
generated from an UBC 97-based design spectrum,
and the response spectra constructed using the records
are utilized in the design process. Time-history analy-
ses are carried out to check whether the maximum dis-
placements coincide with the target displacements.
2. Design procedure for an SDOF system

2.1. Design procedure

Fig. 1 shows the schematic of an DTBF structure, in
which the BRBs are designed to resist all lateral loads.
The pin-connected beams and columns are designed for
gravity load plus the member force transferred from
brace, so that they remain elastic during the earth-
quake. It is intended that the maximum roof displace-
ment is almost the same or a little less than a given
target displacement. The yield displacement of the sin-
gle story structure with an BRB (Fig. 2), uy, is derived
as follows:

uy ¼
rylb
Ecosh

ð1Þ

where ry is the yield stress, lb is the length, h is the
slope, and E is the elastic modulus of the brace. Note
that the yield displacement does not depend on the
cross-sectional area of the brace, but on the yield
strength and geometry of the brace. This simplifies the
design procedure, because the yield displacement is
known before the size of the braces is actually determ-
ined. Once the target displacement of the structure, um,

required to meet the performance objective is determ-
ined, the system ductility demand l is obtained as fol-
lows:

l ¼ um=uy ð2Þ
Using the ductility demand, the effective damping

ratio, beff, can be obtained as follows when the
post-yield stiffness of the brace is assumed to be zero

[5]:

beff ¼ b þ beq ¼ b þ 2ðl � 1Þ
pl

ð3Þ

where b is the inherent damping of the structure.

Although 5% of the critical damping is usually used for

inherent damping in seismic analysis of structures, the

conventional practice may be questionable for hinge-

connected frames in which only BRB yields and the

other structural members remain elastic, especially

when the hysteretic damping is accounted for separ-

ately. However, as no experimental data are available

for such a structure system, 5% of critical damping was

adapted in this study.
In the next step, the design spectrum is modified

accommodating the effective damping, then it is trans-

formed into a pseudo-acceleration–maximum displace-

ment response spectrum (ADRS) format to obtain

design load corresponding to a target displacement.

The design spectrum for a specific equivalent damping

ratio can be constructed from the 5% damping spec-

trum using the reduction factor provided in references

such as ATC-40 [7] or FEMA-273 [8]. To convert a

design spectrum with the standard Sa vs. T (period)

format to ADRS format, it is necessary to determine

the value of Sd for every point on the curve corre-

sponding to each combination of Sa and T. This can be

done using the following relation [7]:

Sd ¼ ðT2=4p2ÞSag ð4Þ
In this study, the ADRS diagram was derived from a

response spectrum for artificial earthquake generated

from a design spectrum to check whether the time-his-

tory analysis results for maximum displacements of the

model structures, designed in accordance with the dis-

placement-based design procedure, coincide well with

the given target displacements. The acceleration corre-

sponding to the target displacement, Sa, can be read

from the ADRS as shown in Fig. 3. The design force is

the acceleration multiplied by the mass of the structure,

Fig. 1. Schematic of a damage-tolerant brace frame (DTBF) system:

(a) main frame, (b) BRB and (c) DTBF.
Fig. 2. Analysis model and load–displacement relationship of a sin-

gle-story DTBF: (a) analysis model and (b) load–displacement

relationship.
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m, as follows:

Qy ¼ mSa ð5Þ
The cross-sectional area of BRB, Ab, satisfying the

target performance point for a given seismic load is
determined as follows:

Ab ¼ Qylb
uyEcos2h

¼ Qy

rycosh
ð6Þ

The lateral stiffness of the system, Ks, is obtained as
follows as a function of cross-sectional area and the
length of the brace:

Ks ¼
AbE

lb
cos2h ð7Þ

Fig. 2(b) depicts the force–displacement relationship of
the system when the post-yield stiffness of BRB is zero.
2.2. Numerical example for an SDOF system

The above design procedure is applied to the SDOF
system shown in Fig. 2(a). The following properties are
assigned to the structure: weight ¼ 100 kN, story height
h¼ 4:0 m, width L¼ 6:0 m, column ¼H 250 � 250 � 9�
14 (mm), beam ¼H 420 � 200 � 8 � 13, and elastic
modulus E¼ 210 GPa. The yield stress of the brace is
assumed to be 100 MPa. The low-strength steel,
which is currently available in Japan as an effective
material for yield devices, is used in this study so
that BRB start yielding while the other members
remain elastic. The brace is assumed to show elastic–
perfectly plastic behavior. The beam is pin-connected
to the columns and the columns are pin-connected to
the base so that lateral load is resisted mainly by the
brace. The design spectrum with seismic coefficients
Ca¼ 0:44 and Cv¼ 0:74, which is shown in Fig. 4(a)
is used to generate an earthquake time-history record
[9]. The design spectrum is recommended for seismic
event of 2400 year return period in Korea [10]. The
time history of the artificial record is plotted in
Fig. 4(b). A response spectrum is constructed using

the time-history record, which is depicted in Fig. 4(a)

by the dotted curve, and is used in the design pro-

cess. In the first step, the target displacement is set to

be 1.5% of the structure height, which is 6 cm. The

yield displacement obtained from Eq. (1) is 0.41 cm,

and the ductility ratio becomes 14.6 when the struc-

ture deforms to the target displacement. With this

ductility ratio, the effective damping ratio is com-

puted to be 0.687. The response spectrum is modified

considering the effective damping and is transformed

to an acceleration–displacement diagram. In the dia-

gram, the acceleration response corresponding to the

target displacement turns out to be 0.17 g, and the

yield force of 16.7 kN is obtained by multiplying the

structure mass to the acceleration response. Finally,

the required sectional area of the brace is computed

using Eq. (5) as 2.0 cm2. The nonlinear analysis pro-

gram code DRAIN-2D+ [11] was used to analyze the

structure. The maximum displacement of the struc-

ture obtained from time-history analysis using the

generated artificial earthquake record turns out to be

5.7 cm, which is quite close to the target displace-

ment of 6.0 cm.
Fig. 4. Seismic load used in the analysis and design: (a) design spec-

trum and the response spectrum constructed from the artificial record

and (b) time history of the artificial earthquake record.
. Estimation of the maximum acceleration respo
Fig. 3 nse.
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3. Application to multi-story structures

The derivation of structural responses and design
forces of a multi-story structure using an equivalent
SDOF system is the key procedure in nonlinear static
analysis and design methods, such as the capacity spec-
trum method or the direct displacement-based design.
The nonlinear static procedures, however, have
inherent limitations in their application. Krawinkler
[12] pointed out that there is no physical principle that
justifies the existence of a stable relationship between
the hysteretic energy dissipation and the equivalent vis-
cous damping, particularly for highly inelastic system.
Fajfar [13] stated that pushover analysis is based on a
very restrictive assumption, i.e. a time-independent dis-
placement shape, and it is in principle inaccurate for
structures where higher mode effects are significant.
Nevertheless, the nonlinear static procedures are con-
sidered to be powerful alternative to nonlinear dynamic
approach, particularly in preliminary analysis and
design stage of regular, low-rise structures, for their
simplicity in concept and convenience in application.

3.1. Design objectives

In multi-story structures, the objectives of seismic
design for a given earthquake load are set as follows:
(i) the maximum displacement is equal to the target
displacement; (ii) the maximum inter-story drifts are
the same in all stories; (iii) braces in all stories yield
simultaneously in pushover analysis; and (iv) the
energy dissipated in each story for unit cross-sectional
area of the brace is the same. Among the design objec-
tives, the third one can be achieved easily if the size of
the braces in each story is determined proportionally to
the seismic story shear force applied statically to the
structure. Fig. 5(a) shows the distribution of seismic
story force, which increases linearly with height, and
the corresponding story displacement. Fig. 5(b) pre-
sents the story shear–story displacement relationships
(pushover curves) of a multi-story damage-tolerant
structure in which braces with zero post-yield stiffness

are installed. If the braces are designed in accordance

with the proposed procedure, the yield displacement of

each story will be the same. In this case, it can be

expected that structural damage caused by an earth-

quake is evenly distributed throughout the stories.
3.2. Design procedure

The design process presented in the previous chapter

for an SDOF structure can be further extended to

multi-story structures as follows.

1. Computation of the maximum displacement at

yield.
If the story heights and the yield strength of braces

are the same throughout the structure, the maximum

displacement at yield, uy, is the story yield displace-

ment, Eq. (1), multiplied by the number of stories, n:

uy ¼
r

y
lb

Ecosh
� n ð8Þ

2. Computation of ductility demand.
The ductility demand is obtained by dividing the

given target roof story displacement with yield dis-

placement (Eq. (2)).
3. Transformation to an equivalent SDOF system.
A multi-story structure needs to be transformed to

an equivalent SDOF structure to obtain design load.

The yield displacement and maximum displacement of

the equivalent SDOF system are obtained as follows

[8]:

u0y ¼
uy

C
; u0m ¼ um

C
ð9Þ

where the modal participation factor for the fundamen-

tal mode, C, can be obtained as

C ¼
PN

j¼1 mj/jPN
j¼1 mj/

2
j

ð10Þ

where mj is the mass of the jth story, and /j is the jth

component of the fundamental mode shape vector. In

this study, the mode shape is assumed to be a linear

line as follows:

/ ¼ 1;
n�1

n
;
n�2

n
; . . . ;

2

n
;
1

n

� �
ð11Þ

where n is the number of stories. It is illustrated in the

following section that the fundamental mode shape of

a low-rise DTBF structure designed following the pro-

posed procedure is close to a linear line. However, as

the number of story increases, the assumption of linear

mode shape is violated due to the deformability of the

columns.
Fig. 5. Target deformation shape and pushover curve of a DTBF:

(a) target deformation shape and (b) story shear vs. inter-story dis-

placement.
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4. Estimation of effective damping (Eq. (3)) and
determination of acceleration response, Sa, from the
acceleration–displacement diagram.

5. Computation of design force.
The design base shear of the original multi-story

structure can be obtained by multiplying the acceler-
ation response of the equivalent SDOF structure
obtained in the previous step to the effective mass for
the fundamental mode:

Fy1 ¼ M�Sa ð12Þ

where the effective modal mass, M�, can be obtained as
follows:

M� ¼
PN

j¼1 mj/j

� �
PN

j¼1 mj/
2
j

2

ð13Þ

6. Estimation of the cross-sectional area of the brace
in the first story.

The design force obtained from Eq. (12) corresponds
to the base shear of the original structure, and the
cross-sectional area of the brace in the first story is
obtained as follows:

A1 ¼
Fy1

coshry
ð14Þ

Then the cross-sectional areas of braces in the other
stories are determined proportionally to the story shear
as follows:

A1 1;

Pn
x¼2 QxPn
x¼1 Qx

�
;

Pn
x¼3 QxPn
x¼1 Qx

; . . . ;

Pn
x¼n�1 QxPn
x¼1 Qx

;

Pn
x¼n QxPn
x¼1 Qx

�

ð15Þ

where A1 is the cross-sectional area of the brace in the
first story. The seismic story force in the xth story, Qx,
needs to be determined considering higher mode effects.
In this study, the following equation from Korean seis-
mic design code [14] is used to distribute the base shear
throughout the stories:

Qx ¼
Wxh

k
xPn

i¼1 Wih
k
i

� V
T 	 1 s k ¼ 1:0
1 < T 	 2 k ¼ 1:5
T > 2 k ¼ 2:0

2
4

3
5 ð16Þ

where V is the base shear, T is the fundamental natural
period of the structure, h is the story height, and Wx is
the weight of the xth story. It should be noted that the
sizing of braces based on Eqs. (15) and (16) results in
linear pushover deflected shape. However, for high-rise
structures with the exponent k larger than 1.0, in which
the story-wise distribution of acceleration response is
nonlinear, the fundamental mode shape deviates from
straight line due to deformability of columns. There-
fore, the assumption of linear mode shape only applies
to low-rise structures with k¼ 1:0.

7. Verification using time-history analysis.
The structure designed in accordance with the pro-
posed procedure needs to be checked whether the
design objectives are achieved for the given seismic
load. As the pushover curve of the designed structure is
the same with what is assumed in the design process,
the maximum displacement computed from a nonlinear
static analysis, such as the capacity spectrum analysis,
will be identical to the target displacement. However,
as the braces are distributed proportionally to the story
shear based on the fundamental mode of vibration, the
maximum displacement obtained from time-history
analysis may be different from the target displacement.
4. Numerical example

4.1. Model structures and earthquake records

The design procedure presented above was applied
to 3- and 5-story structures as shown in Fig. 6. The
hinge-connected beams and columns were designed so
that they remain elastic for gravity and lateral seismic
load. The story weight of the structure is 100 kN. The
selected members, expressed following the Korean
Standard (KS), are presented in Table 1.

The earthquake record used previously for analysis
of SDOF system (Fig. 4(b)) was used again to verify
the validity of the design (this record is named as
EQ-1). Another artificial record (EQ-2) was also gener-
ated based on the same design spectrum, and the
del structures for application of the proposed
Fig. 6. Mo design pro-

cedure: (a) 3-story structure and (b) 5-story structure.
Table 1

Member size of model structures (unit: mm)
Story C
olumns B
eams
(a) 3-Story
1–2 H
 250 � 250 � 9 � 14 H
 400 � 200 � 8 � 13
3 H
 200 � 200 � 8 � 12
(b) 5-Story
1–3 H
 300 � 300 � 10 � 15 H
 400 � 200 � 8 � 13
4–5 H
 250 � 250 � 9 � 14
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response spectrum constructed using the time-history

record EQ-2 turned out to coincide well with the

design spectrum.
4.2. Design of braces

The cross-sectional areas of BRBs required to meet

the given design objectives were determined for the

four target top-story displacements: 1.0% (Case A),

1.5% (Case B), 2% (Case C), and 2.5% (Case D) of the

structure height. The response spectra constructed

using the artificial records EQ-1 and EQ-2 were used to

design the braces. The sizes of the braces designed

using the response spectrum corresponding to EQ-1 are

presented in Table 2, and the fundamental periods of

the structures designed for the four target displace-

ments are given in Table 3. From the table, it can be

noticed that the natural periods of braced frames with

pin-connected beam–column joints are generally longer

than those of rigid frames.
4.3. Pushover curves and mode shapes

Fig. 7 depicts the pushover curves of the 5-story

model structure designed for target displacement of

1.0% of building height (Case A) for EQ-1. It can be

observed that the story yield displacement of the 5-

story structure is the same at each story, as intended in

the design. Fig. 8 shows the mode shapes of the model

structures designed for Case A. It can be observed that

the mode shapes of the 3- and 5-story structures are

close to linear lines.
4.4. Maximum displacements

Figs. 9 and 10 illustrate the maximum story displace-
ments and inter-story drifts of the model structures
computed from time-history analyses with the artificial
earthquake record EQ-1. It can be observed that the
maximum displacements correspond well with the tar-
get displacements in most cases. It can also be noticed
that the maximum story displacement curves are close
to linear lines, and the maximum inter-story drifts are
relatively uniform as desired. Similar results were
obtained from the analysis of the model structures
designed for the earthquake record EQ-2, as can be
observed in Fig. 11.
4.5. Column loads induced by lateral seismic load

Figs. 12 and 13 plot the maximum axial load and
bending moment, respectively, obtained from time-his-
tory analysis of the structures designed for EQ-1. It can
be observed that the axial force induced in columns
due to the lateral load is less than 4% of the yield load,
Table 2

Cross-sectional area of braces (unit: cm2)
Story C
ase A
 Case B C
ase C C
ase D
(a) 3-Story structure
1 2
.18
 1.09 0
.97 0
.89
2 1
.82
 0.91 0
.81 0
.74
3 1
.09
 0.54 0
.49 0
.44
(b) 5-Storystructure
1 2
.53
 1.72 1
.31 1
.01
2 2
.35
 1.60 1
.22 0
.94
3 2
.02
 1.38 1
.05 0
.81
4 1
.52
 1.03 0
.79 0
.61
5 0
.83
 0.57 0
.43 0
.33
Table 3

Fundamental periods of model structures designed for various target

displacements
Model structure C
ase A
 Case B C
ase C
 Case D
3-Story 0
.83
 1.15 1
.21
 1.27
5-Story 1
.10
 1.33 1
.52
 1.72
ory force–story displacement relationships of
Fig. 7. St the 5-story

model structure.
Fig. 8. Mode shapes of model structures.
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which is small enough to be neglected. Also the column
moments induced by lateral load are less than 15% of
the yield moment in all target displacement cases.

4.6. Hysteretic energy dissipated by unit area of brace

Fig. 14 shows the hysteretic energy dissipated by the
brace located in each story of the model structures,
where it can be observed that the dissipated energy

decreases as the structure height increases. However,

the hysteretic energy dissipated per unit area of brace,

illustrated in Fig. 15, shows that the dissipated energy

per unit area is relatively uniformly distributed

throughout the story.
Fig. 9. Maximum displacements obtained from time-history analysis

(3-story): (a) maximum story drifts and (b) maximum inter-story

drifts.
Fig. 10. Maximum displacements obtained from time-history analy-

sis (5-story): (a) maximum story drifts and (b) maximum inter-story

drifts.
Fig. 11. Maximum displacements of model structures obtained from

time-history analysis with earthquake record EQ-2: (a) 3-story and

(b) 5-story.
Fig. 12. Maximum column axial force in each story of the model

structures: (a) 3-story and (b) 5-story.
Fig. 13. Maximum column moment in each story of the model

structures: (a) 3-story and (b) 5-story.
Fig. 14. Story-wise distribution of hysteretic energy: (a) 3-story and

(b) 5-story.
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4.7. Effect of yield strength of brace on bending moment
of columns

Fig. 16 plots the maximum bending moment induced
in columns due to the seismic load when the BRB with
yield stresses of 100 and 240 MPa are used to meet the
target displacement of Case A (1.0% of the structure
height, H) and Case B (1.5% H). It can be observed
that the column bending moment in each story is larger
when higher yield stress steel is used for the brace.
Therefore, to conform to the basic principle of the
DTBF systems, the use of low-strength steel for braces
is preferable.
4.8. Ductility of buckling-restrained braces

According to time-history analysis results, the
maximum brace ductility ratio for Case D reached up
to 29 in 5-story structure, when computed assuming
that full length of brace yielded. Since in BRBs, the
yielding length is usually smaller than the full length of
the brace, the actual values for the ductility ratio will
be larger. According to experimental research of Iwata
et al. [3], BRBs with yield stress of 262 MPa showed
stable hysteretic behavior when they were stressed
more than 3% of strain, which corresponds to ductility
ratio of 24. Similar results were obtained by Black et al.
[4], who showed that a structure with BRBs with yield
stress around 280 MPa behaved stably at 3% of inter-
story drift. The ductility ratio at this point reached 20.
It also can be observed that cumulative ductility
decreases with increasing peak ductility. Yamaguchi
et al. [5] carried out experiments of half frames with
BRBs made of low-strength steel (Fy¼ 96 MPa).
Although not shown specifically in a table, it can be
observed in the figure that the maximum ductility ratio
reached as high as 30. Therefore, the basic assumption
of this study that the brace behaves stably under duc-
tility ratio lager than 30 needs to be validated by fur-
ther experimental study.
5. Conclusions

In this study, a performance-based seismic design
procedure was applied to buckling-restrained braced
frames with pin-connected beam–column joints. The
proposed design procedure assumes shear-type story
displacement shape and the straight-line fundamental
mode shape. The performance of model structures
designed to meet a specified target displacement was
evaluated by nonlinear time-history analysis to check
whether the given performance objective was satisfied
or not.

According to the numerical results, the maximum
displacements of 3- and 5-story model structures
designed in accordance with the presented procedure
corresponded well with given target displacements.
Therefore, it can be concluded that the proposed design
procedure can be a convenient tool for performance-
based seismic design of a low-rise structure with BRBs.
The analysis results also verified that the axial forces
and bending moments induced in columns of low-rise
structures were not significant, which implies that the
philosophy of the damage-tolerant structure can be rea-
lized in such structures; i.e. the BRBs dissipate most of
the vibration energy through inelastic deformation
while the other structural members remain elastic and
undamaged. It should be pointed out, however, that
the maximum ductility ratio of BRB larger than 30,
observed in the design for target drift ratio of 2.5%,
needs to be validated by further experimental study.
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