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Abstract

Analytical models and a performance-based seismic design procedure were developed for
a structure with buckling-restrained knee-braces. The hinge-connected main structural mem-
bers, such as beams and columns, were designed only for gravity loads, and the knee-braces
were designed to resist all the lateral seismic load. The cross-sectional size of knee-braces
was estimated using the equivalent damping required to be supplied to meet a given per-
formance objective. Parametric study was performed with design variables such as slope and
yield stress of the braces. According to the time-history analysis results of a five-story struc-
ture with buckling-restrained knee-braces, the maximum displacement of the model structure
turned out to correspond well with the desired target displacement after it is retrofitted by
knee braces following the proposed procedure.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The conventional philosophy of seismic design depends on inelastic deformation

of structural members for dissipation of input earthquake energy. Therefore the

structures designed following the procedure are subjected to damages in structural

members after being shaken by a design-level earthquake. Significant expense will

be required to repair or replace the damaged structural parts.
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The damage in main structural members induced by earthquake ground motion
can be prevented by connecting beams and columns with hinges and designing
them to resist only gravity load, and employing lateral-load resisting members to
withstand all the lateral seismic load. In this case most of the energy dissipation
and structural damages caused by an earthquake will be concentrated on the lat-
eral-load resisting members and thus the main members will remain elastic. After
earthquake the damaged lateral-load resisting members can be replaced with ease
and at reasonable cost.
Steel braces are generally used as an economic means of providing lateral stiff-

ness to a steel structure. However, the energy dissipation capacity of a steel braced-
structure subjected to earthquake loads is highly limited due to the buckling of the
braces, which is the main reason for most seismic design provisions to regulate
lower response modification factor to a braced frame than to a moment frame. Re-
cently it has been shown that the energy dissipation or damage prevention capacity
of a steel framed structure can be greatly enhanced by employing buckling-re-
strained braces. The buckling-restrained braces usually consist of a steel core
undergoing significant inelastic deformation when subjected to strong earthquake
loads and a casing for restraining global and local buckling of the core element.
According to previous research [1], a buckling-restrained brace exhibits stable hys-
teretic behavior with high energy dissipation capacity. As energy dissipation in
braced frames mainly relies on the inelastic deformation of diagonal braces, the use
of buckling-restrained braces greatly increases the energy dissipation capacity of
the system and decreases the demand for inelastic deformation of the other struc-
tural members.
Even with the structural efficiency and cost effectiveness, a braced frame is not

always favored by architects and building owners because the diagonal braces ob-
struct the flow planning and block the interior view. These shortcomings can be
overcome, with some sacrifice in efficiency, by employing knee braces instead of di-
agonal braces. Recently Suita et al. [2] carried out experiments on beam-column
joints with buckling-restrained knee braces (BRKB), and observed that they had
stable energy-dissipation capacity.
In this study a performance-based seismic design procedure for a structure with

BRKB is developed. Parametric study is performed to find out proper slope of the
knee braces. The hinge-connected beams and columns are designed for gravity
loads, and the knee braces are designed to resist the code-defined seismic load. The
seismic performance of the code-designed knee-braced structure is evaluated using
the capacity spectrum method (CSM). Then the required amount of equivalent
damping to satisfy given performance acceptance criteria is obtained in the frame-
work of the performance-based seismic design concept. From the computed
equivalent damping the size of the BRKB in each story required to be supple-
mented to the structure to meet the given performance objective is determined. The
proposed method is applied to a five-story structure, and the maximum displace-
ments obtained from time–history analysis are compared to the target displacement
to check the accuracy of the proposed method.
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2. Analytical models

Knee braces can be installed above and/or below the beams. Fig. 1(a) shows the
beam-column connections with knee-braces placed both above and below the floor
beams. The braces above the beams can be placed inside of curtain walls or par-
tition walls, and those below the beams can be hidden above the ceiling. The lat-
eral force-displacement relationship of a beam–column–brace unit is derived based
on the system shown in Fig. 1(b). As the beam and column are connected by a
hinge, the lateral load is mostly resisted by the braces. The beams and columns are
generally stiffer than the knee braces, and are expected to remain elastic even after
the braces yield.
The system shown in Fig. 1(b) can be divided into two types depending on the

location of the hinge in the beam–column joint. The systems with the hinge located
at the top flange of the beam and at the mid-height of the beam web are named as
Type-T and Type-M, respectively. It is assumed in the derivation of the load–dis-
placement relationship of the systems that the beam and the column are rigid, and
that the brace shows elastic-perfectly plastic behavior.
Fig. 2(a) shows the deformed shape of the Type-T model. As lateral load increa-

ses, the lower brace which is located farther from the center of rotation yields prior

Fig. 1. Structure with buckling-restrained knee braces. (a) Side view of a structure with knee braces. (b)

Analysis model.
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to the upper brace. This was observed in the experiments of Suita et al. [2]. There-
fore the lateral load–displacement relationship of Type-T model can be divided
into three different stiffness regions as described in Fig. 2(b):

1. the initial elastic stiffness which is the combination of the stiffness of both the
upper and the lower braces;

2. the stiffness of the upper brace after the lower brace yields; and
3. zero stiffness after the upper brace yields.

The first two regions of stiffness can be obtained as follows:

Ke ¼ KB þ KT ¼ KdðA þ BÞ2
L2

þ KdA
2

L2

¼ Kdð2A2 þ 2AB þ BÞ2
L2

ð0 < d < dyÞKe ¼ KT ðdy < d < dpÞ; ð1Þ

where A ¼ nlbsinh and B ¼ dbcosh; and Kd ¼ AbEcosh=nlb is the axial stiffness of
the brace, Ab is the cross-sectional area of the knee brace, lb is the half the beam
length, db is the depth of the beam, h is the angle between the beam and the brace,
n is the ratio of the horizontal projection of the brace and the half beam length, L
is the height of the column, Q is the lateral load, d is the lateral displacement, and
dy is the lateral displacement at yield of the lower brace. The lateral load at the
first yield of the lower brace is obtained as follows:

Qy ¼
NyðA þ BÞ þ /KdA

2

L
; ð2aÞ

where Ny is the yield force of the knee brace. The lateral load at the yield of the
upper brace is

Qp ¼
Nyð2A þ BÞ

L
: ð2bÞ

Fig. 2. Analysis model for Type-T system. (a) Analysis model. (b) Force–displacement relationship.
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The lateral load–displacement relationship of the Type-M system, shown in Fig.
3(a), can be similarly obtained. If the cross-sectional areas of the upper and the
lower braces are the same, the yielding of the braces will occur simultaneously.
Therefore the load–displacement relationship is characterized by a bi-linear curve
as shown in Fig. 3(b). The stiffness and the lateral load at yield can be obtained as
follows:

Ke ¼
Q

d
¼ Kdð2A þ BÞ2

2L2
ð3Þ

Qy ¼
2NyðA þ BÞ

L
: ð4Þ

Fig. 4(a) describes a beam–column system with a knee brace located only below
the beam (named as Type-B), which is the same with the Type-T system without
the upper brace. The load–displacement relationship can also be expressed by a bi-
linear curve as shown in Fig. 3(b). The stiffness and the lateral load at yield can be
obtained as follows:

KSE ¼ Q

d
¼ KdðA þ BÞ2

L2
ð5Þ

Qy ¼
NyðA þ BÞ

L
: ð6Þ

Fig. 3. Analysis model for Type-M system. (a) Analysis model. (b) Force–displacement relationship.

Fig. 4. Analysis model for Type-B system. (a) Analysis model. (b) Force–displacement relationship.
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The load–displacement relationship is also characterized by a bi-linear curve as
shown in Fig. 4(b).
The seismic design concept of the proposed structure system requires that the

knee braces should yield first before the other structural members do. Therefore
the bending moment acting on the beam-brace joint should be less than the yield
moment of the beam, which requires that the cross-sectional area of knee braces
should be limited to the following value:

Ab <
rfyZf

rbysinhð1 � nÞnlb
; ð7Þ

where rfy and Zfy are the yield stress and the section modulus of the beam flange,
respectively, and rby is the yield stress of the brace.

3. Performance-based design procedure

In this section a performance-based seismic design procedure for a structure with
BRKBs is presented. The seismic performance of a structure is evaluated first by
the CSM [4,5]. If the performance is not satisfactory, then the amount of equiva-
lent damping required to meet the given performance objective is computed. The
proper sizes of knee braces are determined from the required equivalent damping.

3.1. Seismic story force for pushover analysis

The relationship between the base shear and the top story displacement, which is
generally called the pushover curve or capacity curve, is obtained by gradually in-
creasing the lateral seismic story forces appropriately distributed over the stories.
In this study the seismic story forces are applied in proportion to the product of
the story mass and the fundamental mode shape coefficients of the structure:

Fi ¼
mi/i1PN
i¼1 mi/i1

V ð8Þ

where Fi and mi are the seismic story force and the mass of the ith floor, respect-
ively, /i1 is the ith component of the mode shape vector for the fundamental mode,
V is the base shear, and N is the number of floors.

3.2. Conversion to ADRS format

Application of the capacity spectrum technique requires that both the demand
spectra and structural capacity curve be plotted in the spectral acceleration versus
spectral displacement domain, which is known as acceleration–displacement re-
sponse spectra (ADRS). To convert a response spectrum from the standard
pseudo-acceleration Sa versus natural period T format to ADRS format, it is
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necessary to determine the value of Sd for each point on the curve, Sa and T. This
can be done using the equation

Sd ¼ T2

4p2

� �
Sag: ð9Þ

In order to develop the capacity spectrum from the capacity curve, it is necessary
to do a point by point conversion to the first mode spectral coordinates. Any point
of base-shear V and roof displacement DR on the capacity curve is converted to the
corresponding point Sa and Sd on the capacity spectrum using the equations:

Sa ¼
V

M�
1

Sd ¼ DR

C1/R1

;
ð10Þ

where C1 is the modal participation factor for the first natural mode of vibration
and /R1 is the roof level amplitude of the first mode. The mathematical expressions
for the modal mass coefficient M�

1 is as follows:

M�
1 ¼

PN
j¼1 mj/j1

� �2

PN
j¼1 mj/

2
j1

: ð11Þ

3.3. Estimation of effective period

A bilinear representation of the capacity spectrum, as described in Fig. 2, is nee-
ded to estimate the effective damping and appropriate reduction of spectral de-
mand. ATC-40 recommends that the area under the original capacity curve and the
equivalent bilinear curve be equal so that the energy associated with each curve is
the same. When the bilinear system undergoes inelastic action at displacement Sdp

with corresponding acceleration equal to Sap, the effective period, Teff, is determ-
ined from the secant (or effective) stiffness at maximum displacement [5]

Teff ¼ 2p

ffiffiffiffiffiffiffi
Sdp

Sap

s
: ð12Þ

3.4. Supplemental knee braces required to satisfy the given performance objective

In this section the proper size of BRKB needed to be supplemented for the struc-
ture to satisfy the given performance objective is evaluated. The total effective
damping of a structure feff can be obtained as follows:

feff ¼ fs þ fi; ð13Þ
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where fs is the hysteretic damping ratio contributed from the original structure
obtained from Fig. 5 as follows

fs ¼
1

4p
ED

ES
¼ 2ðSaySdp � SdySapÞ

pSapSdp
; ð14Þ

where ED is the dissipated energy through hysteretic behavior of the structure, and
ES is the stored energy as described in Fig. 5. And ft is the inherent viscous damp-
ing of the structure, for which 5% of the critical damping is generally assumed.
When the performance point exceeds the desired target point, the response can

be reduced to the target by adding additional BRKB, which provides both stiffness
and equivalent damping. The required amount of effective damping can be
obtained on the ADRS format as shown in Fig. 6. The required overall effective
damping of the system at the target displacement, feff, corresponds to the damping
ratio of the demand spectrum that intersects the capacity curve at the target dis-
placement on the ADRS. With the required overall effective damping at hand, the
supplemental damping required to meet the performance point, fadd, can be
obtained as follows:

fadd ¼ feff � fs � fi: ð15Þ

The hysteretic damping contributed from the original structure is obtained from
the capacity curve at the performance point. As the beams and columns remain
elastic, the equivalent damping is provided by the inelastic deformation of the
BRKB placed in the original structure.
Once the amount of damping required to be supplemented is obtained, the next

step is to determine the size of the supplemental braces that can realize the

Fig. 5. Computation of equivalent damping.
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required supplemental damping. The equivalent damping can be obtained as the
ratio of the dissipated energy and the stored energy of the additional brace at the
target point, and can also be expressed as a function of the stiffness ratio, Sr, which
is the ratio of the added stiffness, kadd, and the initial stiffness, Kinit. In the case of a
Type-B brace system, where knee braces are placed beneath the beams, the equiva-
lent damping can be obtained as

fadd ¼ 1

4p
4ðdt � dyÞQy

1
2Ksecd

2
t þ 1

2

Qydt ¼
2

p
ðl � 1ÞSr

lðlw þ SrÞ
; ð16Þ

where Ksec ¼ WKinit, W ¼ ðal � a þ 1Þ=l, l ¼ dt=dy is the ductility ratio, a is the
post-yield stiffness ratio, dy ¼ ðnlbryLÞ=½ðA þ BÞEcosh� is the displacement at yield,
E is the elastic constant, dt is the target displacement, and A ¼ nlbsinh, B ¼ dbcosh.
From Eq. (16) the stiffness ratio of the added stiffness and the initial stiffness, Sr,
can be obtained as follows:

Sr ¼
Kadd

Kinit
¼ pl2faddw

2ðl � 1Þ � plfaddf g: ð17Þ

Therefore the cross-sectional area of the BRKB needed to meet the target point,
Ab, can be obtained as follows using Eqs. (1) and (17):

Ab ¼
2p3m

T2
fadddt

dby
dt

L
ðA þ BÞ � nlbdby

Ecosh

�
� pðA þ BÞE

2L
faddcosh

� ð18Þ

where T and m are the elastic period and the mass of the structure, respectively.
For a multi-story structure with Type-B brace, the required additional cross-

Fig. 6. Estimation of equivalent damping required to meet the target point.
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sectional area can be obtained as follows:

Ab ¼
2p3

T2
fd

P
j mjdtj

rby

P
j cj

dtj

L
ðA þ BÞ � nlbrby

Ecosa

� �
� pðA þ BÞ

2L
fd

P
j cjdtjEcosa

: ð19Þ

From the total amount of the sectional area the size of braces to be installed in the

ith story, Adi, is determined using a proper distribution factors, ci, which are de-

termined from quantities such as inter-story drift ratios, story stiffness, etc.:

Abi ¼ ciAb: ð20Þ

The required amount of Type-M brace can be obtained similarly to Type-B. For

Type-T model the required equivalent damping ratio, stiffness ratio, and the sec-

tional area are computed as follows:

fd ¼ 2

p
ðdt � dy1Þdby1Sr1 þ ðdt � dy2Þrby2Sr2

dtfwdt þ ðSr1dy1 þ Sr2dy2Þg
ð21Þ

Sr1 ¼
pfbwd2

t ðA þ BÞ
dy1½2fðA þ BÞðdt � dy1Þ þ Aðdt � dy2Þg � pfddtð2A þ BÞ� ð22aÞ

Sr2 ¼
A

A þ B

� �
Sr1 ð22bÞ

Ab ¼
2p3

T2
fd

P
j mjdtj

rby

P
j cj

dtj

L
ð2A þ BÞ � 2nlbrby

Ecosa

� �
� pð2A þ BÞ

2L
fd

P
j cjdtjEcosa

; ð23Þ

where Sr1 and Sr2 are the stiffness ratio of the lower and upper braces to the initial

stiffness of the structure. The displacements at the yield of the lower and the upper

braces, dy1 and dy2, respectively, are as follows:

dy1 ¼
nlbrbyL

ðA þ BÞEcosh; dy2 ¼
nlbrbyL

AEcosh
: ð24Þ

The size of the brace obtained in Eqs. (19) and (20), however, is not the final one

because the capacity curve increases and the effective period at the target displace-

ment decreases with the installation of the additional brace. Therefore with the first

trial value for the size of additional BRKB, new capacity curve is constructed, and

the required effective damping of the system and the equivalent damping of the

structure at target point are computed again. Then the next trial size of the ad-

ditional brace can be computed. The trial values will converge fast after a few

iterations.
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4. Parametric study

In this section the effect of the slope (h), cross-sectional area (Ab), and yield
stress (rby) of the knee brace on the equivalent damping and on displacement re-
sponse of a structure is investigated. A single-story, one-bay structure composed of
4 m high wide flange columns (H250�250�9�14 (mm)), a 6 m wide beam
(H400�200�8�13), and two buckling-restrained knee braces is analyzed for para-
metric study. It is assumed that all the members are connected by hinges. Non-
linear dynamic analyses are carried out using the program code DRAIN2D+ [6]
with El Centro (NS) earthquake and two artificial earthquakes EQ1 and EQ2 as an
input ground excitation. The generation of the artificial earthquakes will be addres-
sed in the next section. Three types of braces with yield stress of 100, 240, and 330
MPa were used in the analysis. The cross-sectional areas used in the plotting were
determined so that the maximum displacements of the structure range from 2.5%
to 1.5% of the story height, and that the lateral stiffness of the structure is the same
for the three yield stresses of the knee brace.
Fig. 7 plots the change in equivalent damping ratio of the structure for various

slope, cross-sectional area, and yield stress of the BRKB at the moment that the
structure was pushed to the maximum displacement of 2.5% of the structure
height. For the model structure, the equivalent damping can be represented as the
following closed form expression in reference to Fig. 4(b)

feq ¼
1

4p
4ðdt � dyÞQy

1
2Qydt

¼ 2

p
ðl � 1Þ

l
: ð25Þ

By substituting l ¼ dt=dy, dy ¼ ðnlbrbyLÞ=½ðA þ BÞEcosh�, A ¼ nlbsinh and
B ¼ dbcosh, the above equation can be transformed to the following form:

feq ¼
2

p
1 � 2lhrbyL

ðlh þ dbÞEdtsin2h

� �
: ð26Þ

Fig. 7. Variation of equivalent damping for slope of knee brace. (a) rby ¼ 100 MPa, (b) rby ¼ 240 MPa;

(c) rby ¼ 330 MPa.
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The definition of the variables can be found in the previous sections. The optimal

slope of the knee braces that maximize the equivalent damping can be found by

equating the derivative of Eq. (26) with respect to the slope to zero

dfeq

dh
¼ � 8 lhQyL

pðlh þ dbÞEdsp

cos2h
sin22h

¼ 0; ð27Þ

where it can be found that the equivalent damping is maximized when the slope is

45�. It also can be observed that the optimum slope is independent of the material

property of the brace. The variation of the equivalent damping for the change in

design parameters can be observed by substituting specific values to Eq. (26). It can

be found in the figure that the equivalent damping becomes maximum when the

slope of the knee brace is 45� and that the equivalent damping decreases as the

slope deviates from 45�. It also can be observed that the magnitude of equivalent

damping increases as the maximum displacement increases and the yield stress of

brace decreases. It is interesting to notice that as the yield stress of braces decreases

the curves for equivalent damping becomes flatter for wider range of slopes.
Fig. 8 presents the maximum displacement of the structure obtained from time–

history analysis using the three different earthquake records. As can be expected

from the results of equivalent damping, the maximum displacement increases rap-

idly as the slope of the braces increases above 60� and decreases below 20�. It also

can be seen that for structures with the same lateral stiffness the maximum dis-

placement decreases as the yield stress of the brace decreases. In most cases the

maximum displacements are minimized when the braces are placed with the slope

within 20�–60�. No particular value can be found for the optimum brace slope.

Fig. 8. Variation of maximum displacement for slope of knee brace. (a) rby ¼ 100 MPa, (b)

rby ¼ 240 MPa; (c) rby ¼ 330 MPa.
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5. Application of the proposed procedure

5.1. Design of the model structure

The knee braces in the one-bay five-story model structure shown in Fig. 9 were

designed first in accordance with the current Korean seismic design provision [3].

The design parameters used in the evaluation of the base shear have the following

values: zone factor A ¼ 0:11, soil factor S ¼ 1:2, importance factor I ¼ 1:0, and the
response modification factor R ¼ 3:5 (braced frame). The lateral load was assigned
only to the knee braces. The hinge-connected beams and columns were designed to

resist only the gravity load. The mass of each story is 100 kN, and the sizes of the

designed structural members are given in Table 1.
Pushover analysis was carried out with the lateral seismic load proportional to

the fundamental mode shape. Table 2 presents the ratios of story stiffness, story

shear, and the inter-story drifts obtained from the pushover curve which is idea-

lized as bi-linear lines. The ratios will be used later as coefficients for distributing

the total cross-sectional area of brace, required to meet the target performance

point, to each story.

5.2. Performance evaluation of the model structure

The seismic performance of the model structure was evaluated using nonlinear

static and dynamic analyses. The design spectrum presented in Fig. 10(a) with the

seismic coefficients Ca ¼ 0:44 and Cv ¼ 0:74, as suggested in the ‘Performance-

based seismic design guideline of Korea’ [7] for earthquake with return period of

2400 years, was used for the CSM. To validate the accuracy of the seismic design

procedure, time–history of earthquake excitation, shown in Fig. 10(b), was gener-

ated based on the design spectrum [8], and nonlinear dynamic time history analysis

Fig. 9. Model structure for analysis. (a) Design and response spectra. (b) Time–history of the artificial

earthquake record.
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was performed using the artificial earthquake record. The response spectrum con-
structed using the time history record is also plotted in Fig. 10(a).
Table 3 presents the maximum displacements obtained from both static and dy-

namic analyses, which shows that the difference between the two results is not sig-
nificant. If the target displacements are set to be 20 cm and 25 cm, the performance
point exceeds the targets, and the size of knee braces needs to be increased to meet
the target displacement. The proper size of additional braces can be estimated
using the equivalent damping ratio required to be supplemented to meet the target.
The required equivalent damping to meet the target displacements obtained follow-
ing the procedure presented above is also shown in Table 3.

5.3. Story-wise distribution of knee braces

The required cross-sectional area of knee braces in each story to meet the given
target displacement is obtained using Eq. (20) and proper distribution factors. In
this study the size of knee braces in each story is determined based on the follow-
ing four story-wise distribution types:

. Case A: The same size of knee brace is used in each story;

. Case B: The size of knee brace is proportional to the story-stiffness;

. Case C: The size of knee brace is proportional to the story-shear;

. Case D: The size of knee brace is proportional to the inter-story drift obtained
from pushover analysis.

Table 1

Member size of the model structure

Story Columns Beams Sectional area of knee brace

(cm2)

5 H250�250�9�14 H400�200�8�13 2.14

4 H250�250� 9�14 H400�200�8�13 3.85

3 H300�300�10�15 H400�200�8�13 5.13

2 H300�300�10�15 H400�200�8�13 5.99

1 H300�300�10�15 H400�200�8�13 6.41

Table 2

Story-wise distribution factors c for the knee brace

Story Story stiffness ratio Story shear ratio Inter-story drift ratio

5 0.56 0.39 0.23

4 0.89 0.61 0.34

3 0.97 0.78 0.44

2 0.98 0.91 0.57

1 1.00 1.00 1.00
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The story-wise distribution factors ci for Case B to Case D are shown in Table 2.

For Case A distribution, the same distribution factor is used in each story. Two

types of yield stress of braces, rby ¼ 100 MPa and 240 MPa, are used in the design.

Table 4 presents the cross-sectional area of the knee braces designed to reduce the

maximum displacement to the target displacement, which shows that the total

cross-sectional area of the knee brace used in the retrofit is lowest in Case D.

Fig. 10. Seismic load used in the analysis. (a) Case A, (b) case B, (c) case C (d) case D.

Table 3

Maximum displacement and required equivalent damping

Target displacement (cm) CSM Time history analysis (cm) Required damping (bd)

20 30.2 32.2 0.310

25 0.108
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5.4. Numerical results

The maximum displacements in each story of the model structure with the

BRKB designed following the above-mentioned procedure were obtained from

time–history analysis and are shown in Fig. 11 and Table 5. It can be observed in

the figure that in most cases the maximum roof-displacements are close to the tar-

get displacement when knee braces with yield stress of 100 MPa are used, while

there are noticeable difference when knee braces with yield stress of 240 MPa are

used. It also can be seen that the deformation shape of the model structure differs

significantly depending on the distribution pattern of the brace. Especially the Case

D distribution pattern for brace results in the maximum story displacement shape

close to the linear line. From a standpoint of damage distribution and efficiency in

material use, the linear deformation shape seems to be the most desirable. Table 5

shows that the story-wise distributions of the brace following the Case A and D

distribution patterns provide the most accurate results with least amount of braces.

In Case B and C larger amount of braces are required to meet the target, even

though the displacement results are less accurate than the other cases. Generally

Table 4

Story-wise distribution of knee brace

Distribution

type
Story

Sectional area of knee brace (cm2)

um ¼ 20 cm um ¼ 25 cm

Case A 5 8.35 3.68

4 10.06 5.39

3 11.34 6.67

2 12.20 7.52

1 12.62 7.95

Total 54.56 31.21

Case B 5 9.37 3.96

4 11.31 5.73

3 12.44 6.97

2 12.62 7.66

1 10.81 7.52

Total 56.56 31.84

Case C 5 4.94 2.85

4 8.29 4.96

3 10.80 6.55

2 12.61 7.64

1 13.69 8.24

Total 50.36 30.24

Case D 5 4.23 2.67

4 6.94 4.63

3 9.14 6.14

2 11.18 7.30

1 15.52 8.71

Total 47.01 29.45
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the difference between the target displacement and the maximum displacement is

larger when the braces with rby ¼ 240 MPa is used.
Fig. 12 plots the ductility demands of the braces in each story. The BRKB with

yield stress of 100 MPa are used in the analysis. It can be observed that when the

target displacement um is set to be 25 cm at the top story, all braces yield; whereas

the braces in the fifth story in Case A, B and C remain elastic when um ¼ 20 cm.

This explains the over-controlled maximum roof displacements in Case A and B as

shown in Fig. 11. It can be observed in Fig. 12 that the ductility demands in braces

are higher in lower stories, as expected, and are more uniformly distributed in Case

D, which is more desirable in that all braces can display their full capacity at ulti-

mate state.
Fig. 13 illustrates the seismic input energy (EI), viscous damping energy (ED),

and the plastic hysteretic energy dissipated by knee braces (EP). For the target dis-

placement of 25 cm, the energy quantities are similar in each distribution case.

However for the target displacement of 20 cm, the plastic energy EP is smaller in

Fig. 11. Maximum displacement of the model structure for different story-wise distribution of knee

brace. (a) um ¼ 25 cm, (b) um ¼ 20 cm.
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Table 5

Maximum story displacements of the model structure

Distribution type Story
Maximum displacement (cm)

um ¼ 20 cm um ¼ 25 cm
Case A 5 18.54 25.21

4 17.51 23.33

3 15.05 19.85

2 11.38 14.66

1 6.50 8.04

Target/Max 0.93 1.01

Case B 5 17.85 24.95

4 17.29 23.36

3 15.74 20.09

2 12.61 14.98

1 7.42 8.26

Target/Max 0.89 1.00

Case C

5 20.75 25.79

4 18.63 23.27

3 15.51 19.50

2 11.52 14.30

1 6.57 7.82

Target/Max 1.04 1.03

Case D 5 20.93 26.20

4 18.00 23.30

3 14.31 19.26

2 10.15 13.95

1 5.66 7.56

Target/Max 1.05 1.05

Fig. 12. Ductility demand of knee brace in each story. (a) um ¼ 25 cm, (b) um ¼ 20 cm.
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Case A and Case B compared to other cases because the braces in upper stories do

not yield, as can be observed in Fig. 12(b).
Fig. 14 plots the story-wise distribution of energy dissipated by the braces, where

it can be noticed that energy dissipation is concentrated in the lower stories.

Among the brace distribution patterns, the Case D distribution results in lower en-

ergy dissipation in the lower stories and higher dissipation in the upper stories

compared to the other distribution cases, which is more desirable. This coincides

with the findings in Fig. 13.
Fig. 15 plots the maximum bending moments induced in beams and columns

divided by the yield moment of each member. In all cases the bending moment

transferred to beams turned out to be insignificant for the given example. How-

ever, the maximum moment ratio of columns can be as high as 50% especially

when the target displacement is 20 cm. Therefore in this case the columns need to

Fig. 13. Seismic energy in the model structure. (a) um ¼ 25 cm, (b) um ¼ 20 cm.

Fig. 14. Energy dissipated by knee brace in each story. (a) case A, (b) case B, (c) case C, (d) case D.
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be designed conservatively considering the transfer of lateral load from knee-
braces.

6. Conclusions

This study presents a seismic design procedure for a framed structure with buck-
ling-restrained knee braces. The hinge-connected beams and columns were
designed mainly to resist gravity load, and the knee braces were designed to resist
the lateral seismic load. In the preliminary design stage, the braces were designed
for the base shear computed in accordance with the current Korean seismic design
code. Then the seismic performance of the structure was evaluated using the CSM.
Two levels of target displacements smaller than the performance point were speci-
fied, and the cross-sectional area of the knee braces required to meet the target was
computed.
The time–history analysis of a five-story model structure designed following the

proposed procedure showed that, although depending on how the braces were dis-
tributed along the stories, the structures retrofitted by the proposed method gener-
ally satisfied the given target performance point. Also it was observed that the
main structural members such as beams and columns remained elastic, whereas all
the knee-braces deformed inelastically dissipating all the vibration energy induced
by the earthquake. This corresponds with the intended design philosophy that
the damage due to inelastic deformation is limited to the lateral load resisting
elements.

Acknowledgements

This research is funded by the Korea Science and Engineering Foundation under
Grant No. R01-2002-000-00025-0. This financial support is gratefully acknowl-
edged.

Fig. 15. Bending moment in structural members connected to the knee braces.
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