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Abstract

In this paper, Buckling-Restrained Knee Bracing (BRKB) system was developed through sub-assemblage tests. The core
plate of the BRKB was restraincd with two channel sections. Tests of the five BRKBs were carricd out under cyclic loading
as specified in the AISC (2005) Seismic Provisions. It was observed that the ductility and cenergy dissipation capacity of the
BRKBs were mainly affected by the variables: size of core plate, size of channcl sections, and size of end plate. Four out of
five specimens satisfied the compression-strength adjustment factor and cumulative plastic ductility specified in the provisions.
The BRKB, which showed the best performance among the test specimens, was applied to a piloti type reinforced concrete
building. Static pushover and non-linear time history analyses were performed to confirm the retrofit effect. The analysis results
showed that the installation of the BRKBs improved the seismic behavior of the building significantly in terms of strength and
story drilt.
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1. Introduction

The construction of multi-unit residential building
structures  has recently increased rapidly with urban
population growth in Korea. Residential buildings in
Korea can be classified into high-rise buildings with large
unit area and low-rise buildings with small unil area. In
the most low-rise buildings existing in Korca, seismic
design requirements have not been enforced. Currently
retrofitting those cxisting low-rise RC buildings against
carthquake loading is an important issue in Korea. Fig, |
shows a typical non-seismic low-rise residential building
located in Korea. This five story RC residential building
1s composed of moment [rames in the st story and shear
wall system in the upper storics. The open space piloti in
the first story 1s olften used as a parking area, and thus the

Figure 1. Typical view of a low-rise residential building
in Seoul, Korea.

addition of diagonal/X-bracing or shear walls may not be
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an option for seismic retrofil,

The present study investigates the use of a steel knee
bracing for seismic retrofit of a low-rise mulli-unit
residential structure. Since steel knee bracing can be
installed in proximity Lo the beam-column joint area, they
do not restrict the parking area. In addition, casc of
constructability of the knee bracing system, in contrast (o
the addition of shear walls, makes it possible to carry out
the scismic retrofit without any inconvenience to residents
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as demaonsirated in the previous studies (Balendra er al.,
[991: Suita ¢r al., 2006). However, bracing systems arc
generally vulnerable to cyclic loadings such as carthquake
ground motions, due to buckling under compression.
Thus a buckling-restrained brace (BRB) is considered in
this study, which shows large inelasticity without buckling
under compression. The detailed information of BRBs is
given in clsewhere (Takeuchi er af., 2010).

Many rescarchers have carricd out experiments and
numerical analyses of BRBs for incorporation into a
seismic force resisting system. Yoshino and Karino (1971)
performed tests on a brace element comprised of a (lat
steel plate (a core plate) and rcinforcing concrete panels
(as a restrainer) with debonding material. The debonding
material was used to avoid attachment between the core
plate and the restrainer, Watanabe ef al. (1988) lound that
the elastic buckling strength of the restrainer should be
larger than the yield force of the core plate for preventing
overall flexural buckling of the BRB. Studies on practical
applications of BRB to buildings were conducted by
Qiang (2005), and design procedures incorporating BRBs
into building structures were suggested by Clark er al.
(1999) and Choi and Kim (2009). Modeling of hysteretic
curves by component tests of BRBs was carried out hy
Black er af. (2004). From the tests and analysis resulls, it
was concluded that a BRB ean be used as a practical and
reliable alternative to conventional lateral load resisting
systems. A new lype of BRB, a double-Tee double-tube
BRB (DT-BRB), was suggested by Tsai ¢ al (2002),
Pscudo-dynamic experiments and numerical analysecs ola
large scale frame with BRBs were conducted by Fahnestock
ef al. (2004), and it was lound that the connection at the
ends of' the BRB should have sufficient stiffness and
strength for mainlaining stable behavior under maximum
compression and tension force.

Experimental and analytical studics of a knee brace
system were performed by many researchers. Aristizabal-
Ochoa (1986) devcloped a Knee Braced Frame (KBF) as
anew allernative structural systent for earthquake-resistant
steel buildings. Sam ef al, (1995) carried out pscusdo-
dynamic testing ot single and doublec story KBF models,
and showed that the knee brace systems were enough 1o
reduce the damage due (o the carthquake loadings effectively
and economically. Pushover test of a knee brace and X-
brace systems installed into a RC moment frame was
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performed by Maheri er al. (2003). They also evaluated
the response maditication factors of the steel X-braced
and knec-braced RC buildings, and showed that the steel-
braced RC frame possessed much larger ductility capacity
than that of an unbraced RC building. Kim and Sco
(2003) evaluated the scismic performance of a moment
[rame installed with buckling-restrained knce braces, and
found that the BRKB could be an effective system for
seismic retrofit ol moment resisting [rames.

The aim of the present rescarch is to develop a buckling
restrained knee bracing (referred (o as BRKB) systems
composed of a steel core plate restrained by channcl
sections. For a typical BRB or BRKB, buckling is inhibited
by a concrele or mortal filled steel tube. However. the
BRKB system developed in this study uses the steel
channel sections as a restrainer. The developed system
was 1o increase the quality in manufacturing process, and
have flexibility in the design details at both ends of the
core plate. The BRKBs arc installed in a I-bay I-story
steel frame and tested under cyclic loading to verity the
seismic performance. Then an analytical model for a non-
seismic designed low-rise RC building retrofitted with
BRKBs is evaluated using pushover and nonlinear time
history analyses to validate the effccliveness of the
proposed BRKBs for seismic retrofit.

2. Design of a Buckling-Restrained Knee
Brace

In this study, a total of five BRKB specimens were
manufactured and tested under cyclic load. Design
variables for the five lest specimens were the size of the
core platc (aspect ratio of the core plate), the size of the
channel sections (or /2,/P,), and the size of the end plate
(aspect ratio of the end plate). Details of the specimens
arc summarized in Table I, where the letters C and R in
the naming of the specimens denote the core plate and the
channel scctions, respectively. The numbers following C
and R represent the width of the core plate and the web
length of the channel scction, respectively. Dimensions
and drawing details ol a typical specimen used for this
study are shown in Fig. 2. In Fig. 2, the core platc was
designed to resist the axial force transmitted to the brace,
and the channel sections were used to restrain the core
plate from buckling. Debonding material (rubber) was

Table 1. Properties of the BRKB test specimens (unit: mm)

Core plate Channel section End plate Stiffener
Speeimen i ; y }
- Dimension A‘sp.ul Dimension PP Ciroove Dimension A.sp_f.'cl Dimension Clearance
rafio length ratio

C42R100-1 4216 2.60:1 100x50x5%x7.5  2.53 310 16019 8.40:1 80 %60 280
C42R100-2 42x16 2.60:1 100x50x5%x7.5  2.53 310 [20%19 6.30:1 80%60 280
C42R150-R  42x16 2.60:1 150%75%6.5%10 941 350 160%19 8.40:1 80 x60 300
COOR 100 60x16 3.75:1 100%50x5%7.5 1,78 310 16019 8.40:1 80x60 280
C60R150 60x16 3751 150=75%6.5%10  6.59 310 16019 8.40:1 80x%60 280
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used for minimizing friction occurring between the
channel sections and core plate. Guide plates were added
to each specimen to prevent buckling of the end plates,
Grooves at the ends of the channel section were cut in
order to prevent contact between the guide plates and the
channel sections.

For the design of the BRKB. the maximum of axial
torce of the core plate was assumed as the maximum
capacity ol an actuator used in this test, and 42x 16 mm
(2.60:1) and 60> 16 mm (3.75:1) core plates were designed
using ductility demands of the brace calculated by 1.50%
and 3.0% allowable inter-story drift ratio, respectively.
The sizes of the channel sections were determined hased
on'the findings from the previous research performed by
Walanabe er al. (1988) who suggested that the yield
strength (7)) of the core plate should be larger than the
buckling strength (P,,) of the channel section (AR 1:0)
to prevent buckling of the core. For the specimen with the
4216 mm core plate, two different 2./P, of the channel
sections were usced: i.e, P /P=2.53 (100x50%5%7.5 mm)
and P /P =941 (150x75x6.5x 10 mm). For the specimen
with the 60x 16 mm core plate. P./P, of the channel
sections corresponded to 1,78 (100x50x 5% 7.5 mm) and
0.59 (150x75x6.5% 10 mm). In (his study, the dimension
of the non-retrolitted parts including the end plate was
determined using Lig. (1) proposed by Tsai and Weng
(2002) for preventing buckling of the parts. They showed
that the buckling strength of the ends of the brace.

computed using the following equation, should be larger

than the maximum compression force:
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where P is the buckling strength of the end of the
brace. [y, is the second moment of inertia of the end of
the core plate, and L, is the length of the non-retrofitted
section. In order to conncet the two restrainer channel
scetions, 80x60 mm  stiffeners  were welded (0 the
channel sections at a uniform interval. The stiffeners were
welded at the top and bottom of the channcl sections. The
number ol stiffeners was  determined such that the
buckling ol the parts between the stiffeners would be
prevented under the maximum compressive torees. In
order 1o prevent the local buckling, it is very important
that only stecl-cncased BRBs minimize friction forces
oceurring between the core plate and channel sections.
Tremblay cf al. (2006) discussed the role of a pap
between the core plate and the steel restrainer in both
directions, and Mehmet and Cem (2010) used four lavers
of'0.05 mm-thick polycthylene film and grease in order to
reduce the [rictional force. In this study, instead of
providing a gap. a 2 mm-thick rubber sheet was placed as
a debonding material between the core plate and the
channel scetions as depicted in Fig, 2. The yield stress
and the ultimate strength of the test specimens obtained
by coupon test are shown in Table 2. where it can be
observed that the yield and ultimate stresses of the
specimens are slightly higher than the nominal values for
the SS400 steel used for the specimens (=235 MPa,
a,=400 MPa).
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Figure 2. Details of a typical specimen,

Table 2, Result of property test

Specimen Thickness (mm)

Width (mm)

Yielding stress (MPa)  Ultimate stress (MPa)

19
16

Gusscel plate
Core plate

40
40

437.6
4367

267.4
278.3
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(a) Schematic drawing (LVDT location)
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(b) Photograph of the specimen

Figure 3, Schematic drawing & photograph of test setup.

3. Test Plan and Specimen Installation

A “schematic drawing and a photograph of the pin-
connceled 1-bay 1-story test frame (5.87 mx2.93 m) with
a BRKB specimen are shown in Fig, 3. Bearings were
placed at the upper and lower joints of the vertical stccl
member to simulate desired behavior ol the pin connection,
With this configuration, only the BRKB resist lateral
loading, and thus the loading is not transferred to the
supporting frame. Cyclic loading was applied to the
frame with a hydraulic actuator installed between the
upper horizontal loading frame and the reference wall
(Fig. 3). The loading step of each specimen was determined
by the specifications of the AISC (2005) as illustrated in
Fig. 4 and listed in Table 3. The loading protocol was
established up to 3.0% of the inter-story drift ratio of the
steel frame. This is twice the maximum design story drift
() specified in the AISC Seismic Provisions, which is
1.5% of the story height. The first set of the loading
cycles (Ist and 2nd steps in Table 3) was applied to the
test frame within an elastic range. This is intended to
reduce experimental error and allow observation of the
initial behavior of the brace prior to plastic dcformation.
Two cycles of loading were applicd for each target drift
of 0.75, 1.5, 2.25, and 3.0% inter-story drifl ratios. Afler
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Figure 4. Loading protocol specified in the AISC Seismic
Provisions,

reaching 3.0% of the inter-story drift ratio, four cycles of
2.25% inter-story drifl (11th-14th loading steps in Table
3) were additionally applied to the test framc in order to
satisty the AISC (2005) specilication, which requires the
cumulative inelastic strain more than 200 times of the
yield strain, Afterwards, if the brace had not fractured
within the above AISC (2005) loading steps (1st-14th
loading steps), the ultimale resisting capacity of the brace
was investigated by applying four loading steps (15th-
18th loading steps, additional loading steps in Table 3). In

Table 3. Cyclic loading step for the experiment

Lateral deformation

Axial detormation

Inter-story

Steps Lpeles of frame (mm) of brace (mm) drift ratio (%) Comiient
|2 Dk 3.3 2.81 0.11
34 2=0.54,, 21.96 6.45 0.75
5-6 2=1.04,, 43.92 12.89 1.50 AISC (2005)
7-8 2=1.54,, 65.88 19.34 2.25 loading steps
9-10 222.04,, §7.84 25.78 3.00
1-14 4=1,54,, 65.88 19.34 275
1=2.54,, 109.8 32.23 3.75
15.18 1=3.04,, 131.76 38.67 4.50 Ad'ditional
c 1=3.5A4,, I53:72 45.12 5.25 loading steps
124,04, 175.68 51.56 6.00
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Figure 5. Location of strain gauges installed in the specimen.

each cycle of the latter loading steps, the test frame was
pushed to the inter-story drift ratios of 3.75, 4.50. 5.25.
and 6.0% which are 2.5, 3.0, 3.5 and 4.0 times the design
story drift (4,,). respectively. An LVDT (Linear Variable
Differential Transformer) was installed at the frame (o
record the transverse deformation that occurred in the
frame and a wire type LVDT was also placed at the end
plate of the BRKB (o examine the axial deformation, as
shown m Fig. 3(a). This procedure was applied to reduce
the slip through comparison of the lateral deformation of the
frame with the deformation of the actuator. In order to
measure the strains of the core plate and the channel
scctions, plastic strain gauges were installed at the top,
center, and bottom of the brace, as shown in Fig, 5.

4. Test Results of the BRKB specimens

4.1. Hysteretic behavior and failure modes

Axial force-deformation relationships obtained from
the experimental results of the five BRKB specinmens are
presented in Fig. 6. The failure modes of the C60R100
and CO60R150 specimens are shown in Fig. 7. The
C4ZR100-1 exhibited no significant deformation exeept
for cracking of the plaster at the surface and rubber
detachment at the upper and lower parts of the brace up
to the 6th loading step (1.5% inter-story drift ratio). Al
the 8th loading step (2.25% inter-story drift ratio), some
cracks ol the plaster at the stiffeners were observed due Lo
in-plane buckling of the core plate. The No. 2 stiffener
was detached from the brace at the |0th loading step. The
detachment, which was resulted in a loss of confinement.
occurred due to the strong axis buckling of the core plate.
The experiment was stopped due to a fracture of the core
plate at the 14th loading step (four cycles of 2.25% inter-
story drift ratio as shown in Table 3).

The C42R100-2 specimen served as a reference model
among the five specimens. The only dilference hetween
C42R100-1 and C42R100-2 was the size of the end plate;
160x19 and 120x 19 mm for C42R100-1 and C42R100-
2, respectively. The C42R100-2 displayed a similar behavior
to that of the C42R100-1 until the 10th loading step was
reached. The core plate and the channel sections ot the
latter specimens did not show significant deformation up
to the 6th loading step (1.5% inter-story drift ratio). At
the 8th loading step (2.25% inter-story drilt ratio),
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Figure 6, Load-displacement hysteresis curves ol the BRKRBs,
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Figure 7. Failure modes of Co0R100 and C6OR150 specimens,

gradual in-plane buckling of the core plate was observed.
Aller the 10th loading step (3.0% inter-story drili ratio),
detachment of No. 3 stiffener was observed with an
increase of the axial deformation of (he specimen. Global
buckling of the core plate in strong axis was observed at
the 13th loading step (four cycles of 2.25% inter-story
drifl ratio in Table 3). The failures of the C42R 100-1 and
C42R100-2 occurred due to detachment of the stiffeners
leading to loss of confinement of the core plate. In terms
of the axial force capacities, therc was less than 2%
differcnce at each slep between the C42R100-1 and
C42R100-2 (Fig. 6 (a) and (b)). Through this comparison,
it was observed that the size of the end plate did not
significantly affect the axial force of the brace.

The C42R150-R specimen was designed with an increase
of the channel section sive; 150%75%6.5% 10 mm compared
to 100x50x5%7.5 mm of the aforementioned C42R 100-
I and C42R100-2 specimens. As a result, the ratios P
P Tor the C42R100 and C42R150-R specimens, are 2.53
and 9.41, respectively. The confinement eftect of the
channel scctions was investigated using the two specimens.
In all specimens except the C42R150-R, uniform core
plate sections of 42x 16 mm were used along the whole
longitudinal length as a main force resisting clement, On
the other hand, for the C42R150-R specimen, the core
plate at the ends was cnlarged to 75.2x 16 mm in order to
enhance the buckling strength, The C42R150-R specimen
showed minimal deformation up to the 6th loading step
(1.5% inter-story drift ratio). Out-of-plane buckling at the
ends of the core plale was observed aficr the 6th loading
step. The brace was fractured under the tension force at
the 10th loading step (3.0% inter-story drift ratio).
Unexpectedly, despite the larger size of channel sections
and the core plate, the end of the C42R150-R buckled at
an earlicr loading step. In this specimen the guide plate
was designed longer than other specimens; as a result, the
groove length of the C42R150-R had to be designed
longer than those of other specimens. Duc to the longer
groove length, larger stresses were concentrated at the
groove and the specimen failed in an carlier loading
stage.

The width of the core plate was increased in the

CHOR 100 specimen compared Lo the three C42R specimens.
As shown in the hysteresis curve of Fig. 6(d), it displayed
the most stable hysterctic behavior among all five test
specimens as well as the best encrgy dissipation capacity.
It also showed no significant deformation up to the 8th
loading step (2.25% inter-story drift ratio). Cracks of the
plaster at the surface of the channcel sections occurred at
the 10th loading step (3.0% inter-story drilt ratio). However,
only a few cracks were observed visually at the stiffeners,
channel seclions, ete. up to the [4th loading step (four
cycles ol a 2.25% inter-story drift ratio in Table 3). Aller
applying additional loading steps, in-plane buckling of
the core plate was observed at an inter-story drift ratio of
3.75%. Significant deformation was observed at No. 2
and No. 3 stiffeners at the 16th loading step (4.5% inter-
story drift ratio), as shown in Fig, 7. Local buckling of the
channel  sections occurred  with  deformation  of the
stilfeners. Although in-planc and out-of-plane buckling of
the core plate occurred at the additional loading steps, the
core plate still remained and was well restrained by the
channel sections and stiffencers. Finally, [racture of the
core plate occurred at the 17th loading step (5.25% inter-
story drift ratio), with axial displacement of 45.12 mm
under the tension lorce.

The specimen C60R 150 with a core plate of 60x 16 mm
(aspect ratio=842:1) and two channel sections of
150%75%6.5% 10 mm (P,,/P,=6.59) was designed to have
larger channel scctions than the specimen C60R 100 in
order to investigate the confincment effect of the channel
scetions. As shown in Fig. 6(e), the hysteresis curve is
stable and excellent cnergy dissipation capacity similar to
that of the specimen C60R100 was obtained. The hysteresis
loops of the C60R 150 showed asymmetric shapes between
the tension and compression. The asymmetric hysteresis
loops were attributed to the slips occurring during the
test. The specimen underwent no significant deformation
until the 10th loading step (3.0% inter-story drift ratio);
only cracking of the plaster on the surface of the channel
sections was observed. Cracks of the plaster of the
stitfeners and deformation of the core plate started at the
[2th Toading step (four cycles of 2.25% inter-story drift in
Table 3). Before the additional loading steps (15th-18th
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loading steps in Table 3) were applied. there was no
significant deformation in the channel sections. As the
CO60R150 specimen was composed of larger channel
sections than those of the specimen C60R100, it was
expected that the performance of the former would be
better than that of C60R100. However. this specimen
failed to exhibit full capacity due to local buckling al the
end of the channel scctions. During the test the rubber
sheet at the end of the core plate was detached followed
by the damage at the end of the core plate. When the
additional loading steps were applied, an end of the core
plate buckled and then the specimen fractured at the 16th
loading step (5.25% inter-story drift ratio) as shown Fig.

T(h).

4.2. Compression-strength adjustment factor (/)

The AISC Seismic Provisions (2005) specilies the
compression-strength adjustment factor (/) for BRBs.
The f factor is the ratio of the maximum compression
strength to the maximum tension strength of the test
specimen, measured from qualification tests for a range
of deformations corresponding to 2.0 times the design
story drift. The compression strength of a BRB s
generally larger than the tension strength due to the
confinement of the restrainers. For inverted-V-type bracing,
when the f factor is too large, the beam intersected by the
BRB can be fractured due to unbalanced force in the
vertical direction. The Seismic Provisions specify that the
# tactor should not exceed 1.3.

Based on the experimental results. the £ fuctor of the
BRKB specimens was calculated and the results are
presented in Fig. 8. The f factors for (42 and C60
specimens are depicted in Fig. 8(a) and 8(b), respectively.
Overall, the specimens satisfied the limit of the 4 factor
specified in the Seismic Provisions. The # factor gradually
decreased when the axial deformation of the brace
increased due to local buckling at the channel sections.
Fig. 8(a) shows that the g factor of the specimen
C42RI50-R was larger than those of the specimens
C42R100-1 and C42R100-2. Fig. 8(h) shows that
C60RI50 has a larger # factor than C60R100 during the

specilied loading steps. Towever, after the additional
loading steps, the /3 factor of the specimen C6OR150
steeply declined. This was because the specimen could
not resist the compression force from the additional
loading steps due to buckling at the end of the core plate.

4.3. Comparison of plastic ductility (z) of the
specimens

The cumulative plastic ductility (CPD) of each specimen
was calculated by summation of the duetility of cach cycle,
The cumuiative plastic ductility was oblained by a ratio of
the difference between the maximum tension deformation
(u;:.m) and the maximum compression deformation (H:,lm)
over the yield deformation (1) with respect to cach
loading cycle as delined in the AISC Seismic Provisions
(2005) and in the AISC-SEAOQC (Structural Engineers
Association of California) Recommended Provisions for
Buckling-Restrained Braced Frames (2005). The Scismic
Provisions stipulate that the brace test specimen must
achicve a cumulative inelastic axial deformation of at
least 200 times the yield deformation (more than the
cumulative plastic ductility of 200). The Recommended
Provisions for Buckling-Restrained Braced Frames require
that the cumulative plastic ductility of the BRB be at least
140 times the yield deformation.

In this study. it was obscrved that four specimens
(CA2RT00-1, C42R100-2, CEOR 100 & COOR 130) exceeded
the cumulative plastic ductility of 140 specified in the
AISC-SEAOC (Fig. 9(b)) while all specimens did not
sutisfy the CPD requirement of AISC Scismic Provisions
(Fig. 9(a)). When the additional loading steps were used,
CO0R 100 and COORIS0 specimens cxceeded the CPD
requirement of the AISC. Unlike a component test. the
sub-assemblage test may have a difficully involved with
the connection between brace and test frame. In this study,
unexpected slips occurred in the connections during the
sub-assembiage test which significantly aftected the test
resulls, As shown in Fig. 6, the axial deformation of some
specimens al each loading step was direeted toward
compression or lension side due (o the slips, which
resulied in the reduced CPIY within the specified loading
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Figure 8. Compression-strength adjustment factor for the 42 and C60 specimens.
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Figure 10, Cumulative hysterctic energy of the C42 and C60 specimens.

steps. It should be noted that the cumulative plastic
ductility in the Seismic Provisions is required only for the
BRB component test, not for the sub-asscmblage test.
Thercfore the test results obtained in this study do not
mply that the seismic performance of the specimens is
not satisfactory.

The cumulative plastic ductility computed for cach
specimen is shown in Fig. 9. In Fig. 9(a), C42R150-R has
the largest ductility until the 8th loading step (2.25%
inter-story drift ratio), but the ductility of C42R150-R
declined starting from the 10th loading step (3.0% inter-
story drift ratio). This is duc to the fracturc at the end of
the corce plate resulting from concentrated stresses around
the groove. Both C42R100-1 and C42R100-2 specimens
were salisfied based on the requirement of cumulative
plastic ductility specified in the AISC-SEAQC. The
cumulative plastic ductility of C60 specimens is shown in
Fig. 9(b). While both specimens failed to satisfy the
cumulative plastic ductility of 200 specified in the
Seismic Provisions within the loading step, they met the
CPD requirement of AISC-SEAOC (more than 140), The
two specimens showed a similar trend for cumulative
plastic ductility. The cumulative plastic ductility of the
CO0R150 specimen was larger than that of the C60R 100
due mainly (o the improvement of the confinement with

increase of the size of the channel sections.

4.4. Comparison of energy dissipation capacity
Energy dissipation capacity was computed by the arca
surrounded by the load-displacement hysteretic curve of
cach specimen and then the cumulative hysteretic energy
was computed by summing the encrgy dissipation capacity
ol the specimen with respect Lo each cycle as described in
Horie and Yabe (1993) and Black e/ al. (2004). Fig. 10
shows the cumulative hysleretic energy of cach test
specimen. Among the C42 specimens, the C42R100-1
showed the most stable hysteretic curve and the largest
cnergy dissipation. The specimen C42R150-R showed
similar cnergy dissipation capacity to C42R100-2 specimen
belore fracture of the core plate. However, after fracture
of the end of the core plate at the 8th loading step (2.25%
inter-story drifi ratio), the cnergy dissipation of the specimen
C42R150-R abruptly decreased. The specimen C42R 100-
I displayed similar cnergy dissipation to C42R100-2 as
can be observed in Fig. 10(a). The specimens C60R 100
and C60R150 dissipated almost the same cnergy within
the AISC loading steps, as shown in Fig. 10(b). Aftcr the
additional loading steps, the cnergy dissipation capacity
of the specimen C60R 150 was less than that of C60R 100
duc to the occurrence of local buckling of the core plate
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as a result of the reduced confinement eflect of smaller
channel sections (Fig. 10(b)). The C60 specimens (C60R 100
& COUR150) dissipated roughly twice greater energy than
C42 specimens (C42R100-1. C42R100-2, and C42R150-
R).

From the test results, it was concluded that the BRKB
made of a core steel plate confined with channel sections
satisficd the /3 factor requirement of the AISC Seismic
Provisions and the CPD of the AISC-SEAOC. The
confinement of the channel sections was sullicient to
prevent buckling at the core plate within the loading steps
specified in the Seismic Provisions. Cumulative hysteresis
energy of the Co0R100 (76750 KN-mm) is larger than
about 20% that of the C60R150 (63400 kN-mm) al the
last loading step of the each test model. The C60R 100
specimen showed the best load resisling capacity among
the five specimens. This specimen had the largest
cumulalive energy dissipation capacity and satisfied the
requirements for the /£ factor and cumulative plastic
ductility specitied in the provisions during the loading
steps used in the experiment (AISC loading steps &

(a) 3D analytical model of the BRK systems

additional loading steps). In the following section, a
numerical analysis of a reference building retrofitted with
the C60R100-type BRKB was performed to investigate
the effects ot scismic retrofit,

S. Seismic performance of a Low-Rise RC
Structure retrofitted with BRKBs

S.1. Analysis modeling

In order to investigate the retrofit effect of the BRKBs
for low-rise residential buildings, a five slory RC residential
building was selceted as a reference structure. Figure 11
shows an overview ol the low-rise building analysis
structure which is a typical low-rise residential building
with a weak [irst story. The first story (RC moment
frame) of the building is generally used as a parking
space. Higher stories designed with shear walls are used
as residential area. Since the lateral stiffness of the [irst
story is lower than the remaining stories, deformation and
damage tend to be concentrated at that level. Fig, 11(b)
shows the location of the BRKBs installed for seismic

Unit: m

0T ot

5.t0 270 d S0

13.20

(b) Location of the BRKB system

Figure 11, An overview of the low-rise RC residential building.

(a) As-built ZeusNL analytical model

{b) Retrofitted ZeusNL analytical model

Figure 12. Analytical modes developed based on the ZeusNL program.
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Figure 13. Analytical modeling of a shear wall.

retrolit. Two sets of analytical models were developed:
one for the as-built structure and the other for the retrofitted
structure (Fig. 12) with twelve C60R 100 BRKBs installed
in the first story. The finite element analysis program
ZeusNL (Clnashai er al., 2001) was utilized to perform
the analytical modcling and necessary analyses. This
program is capable of representing inelasticity under static
and dynamic loadings. The program has been thoroughly
tested and validated over the past 20 years (Jeong and
Elnashai, 2005).

Many researchers have suggested analysis models for
shear wall systems, including TVLEM (Three Vertical
Line Element Model) by Otani et al. (1985), MVLEM
{Multi Vertical Line Model) by Charney (1991), column
model (CM) (Kim er al., 2009), and the joint clement
model (Stafford Smith and Girgis, 1984). This study
adopted the simple method of the joint element model,
which allows vertical and horizontal wall members to
behave together. A flexural wall type was used for
modeling shear walls. Fig. 13(a) shows the joint element
model of the shear wall adopted in this study. Fig. 13(b)
shows a comparison between the analytical and
experimental results of the shear wall, where the solid
line indicates the results from a test reported in a previous
study (Orakcal er af., 2006) and the dotted line is the
hysteresis loop obtained from (he analytical model. Since
the analytical modeling is based on the center-line
dimension of members, rigid arms were utilized at the
beam-column joints to prevent plastic hinges within the
faces of members (Fig. 14). The inelastic responses of the
members are represented by fiber clements with inelastic
stress-strain relationships of the materials. The connection
between the steel braces and the RC moment frames was
modeled by adopting rigid elements, as shown in Fig. 14
and as done in a previous study (Maheri, Kousari and
Razazan, 2003). This was done to prevent sudden failure
of the columns due to the retrofitting of the moment
frame with the BRKBs. In order to validate the analysis
model, the test result of the specimen C60R100 was
comparcd with that of the computer model before

| e Rjcid link
————— Computer Modehng
“= Shape of Specimen

Figure 14. RC beam-column conncetion with the BRKB.

incorporation of the BRKBs into the analytical building
model. The material properties used in the computer
model, such as an initial stiffness, yield stress, and post-
yield stiffness, were sct to be the same with those of the
test specimen. The BRKB analytical model was developed
using the joint element (lypical tri-linear symmetrical
clasto-plastic curve type) defined in the ZeusNL as
indicated m Fig. 15(a). In Fig. 15(b). the BRKB hysteresis
curve developed by the ZeusNL is compared with the
experimental results of the C60R100 specimen. Also, in
order to compare analytical results between the BRKB
and regular knee brace, the hysteresis curve of the regular
knee brace was added in Fig 15(h). The size of the
regular knee brace (16x60 mm, Aspect ratio=3.75:1)
was the same with thc BRKB (C60R100). The analytical
results were measured at the same location with the
cxperimental study. It can be observed that the analytical
and experimental results are generally in good agreement
in terms of maximum compression and tension force at
each loading step except that the initial stiffness of the
analysis model is somewhat underestimated.

5.2. Non-linear static pushover analysis

Static pushover analyses were performed 1o evaluate
the effect of the BRKBs on the lateral load-resisting
capacity of the reference building. The vertical distribution
ol the lateral [orces on the structure was determined from
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Figure 15. Analysis modeling of the BRKB.

the seismic load distribution pattern of the International
Building Code (IBC) (2009):

A
W

F_“t——” x V (2)
ZH',:’?f
il

where £, is the cquivalent lateral seismic foree induced at
level x, F is the total design lateral force, and w, or w; is
the portion of the total effective seismic weight of the
structure assigned to level x or /. & is an exponent related
to the structure period.

Figure 16 shows the lToad-displacement curve obtained
from the pushover analysis of the analytical model before
and alter retrofit with the BRKBs. To meet the target
performance, the size of the brace was determined in such
a way that the basc shear of the retrofitted building is
larger than 30% of the as-built building. For increasing
30% of base shear, the size of core plate is 18048 mm

100 s o

0RO - ,

w/o BRKBs

0.60

ViV

(]

0.20

0.00 ST RERE TR R |
0.00 1.00 200 100 400

Roof dirft ratio (%)

Figure 16. Result of static pushover analyses before and
afler retrofit.

(Aspeet ratio=3.75:1) and the size of channel section is
200 70x7x 10 mm (P,/P,=9.17). The pushover curves
show that both the stiffncss and strength increased after
the retrolit.

5.3. Non-linear time history analysis

Non-linear time history analyses were carried oul to
investigate the responses of the reference building before
and after the retrofit. The fundamental periods of as-built
and retrofilted buildings are 0.69 and 0.48 sec., respectively.
Ten input ground motions were sclected among the twenty
carthquake records used in Somervile e of. (1997) and
were modified to the design spectrum (SGIT soil) of the
KBC (Korean Building Code) 2009 (2009). The list of
the selected input ground motions is given in Table 4 and
the individual and mean response specteum are presented
in Fig. 17. The original earthquake records were modified
using the software SeismoMatch (ScismoSoft, 2010),
This pragram is capable ol adjusting earthquake accelero-
grams to match a specific target response spectrum. using
the wavelets algorithm proposed by Abrahamson (1992)
and Hancock er af. (20006).

Figure I8 shows the inter-story drill ratios of the
analytical models before and afler the retrofit. Figure |8
(a) and (b) present the analytical results for the as-built
building and the building retrofitted with the BRBKs.
respectively. The dynamic analysis results included the 84
and 95% probability values as well as the median values
of the responses under the ten ground motions. From the
analysis results, it was observed that the inclastic behavior
was concentraled in the Ist story moment frames. The
maximum inter-story drift ratios for the original building
were 3.47, 3.62, and 3.91% for the median, 84 and 95%
probability, respectively (Fig. 18(a)). On the other hand,
the maximum inter-story drifl ratios tor the retrofited
system were 2.51, 2,63, and 2.74% lor the median. 84 and
95% probability, respectively (Fig. 18(h)). The maximum
inter-story drift ratio of the analytical models occurred at
the first story of the building. The reduction in the median
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Table 4. List of earthquake records used in the dynamic analysis

Name Earthquake Time (sec.) Step PGA (Original) PGA (Matched)
R1 Loma Pricta 1989 23.65 4730 0.36 g 042 ¢
R2 Kocaeli 1999 22.53 4500 035¢ 042 g
R3 Kobe 1995 24.80 4960 035 g 035g
R4 Imperial Valley 1979 39.99 3999 031g 035¢
RS Helena 1935 40.00 4000 0.17¢ 0.44 ¢
R6 Friuli 1976 36.33 3633 035¢g 046 g
R7 Emeryville 1989 20.52 4104 025 g 033 g
RS Chi-Chi 1999 37.02 3702 036 ¢ 0.34 ¢
R9 San Francisco 1957 39.72 3042 0llg 036g
RI10 Duzee 1999 41.51 4151 051 g 049 ¢
10D S *Collapse Prevention’ state according to the damage scalce
Ak in the FEMA 450 (2003) where 3% inter-story drift ratio
oso | Ry Mean of response spectrum is assumed as the threshold for the collapse of RC
o - - moment frames,
Boie B Figure 19 compares of maximum inter-story drift ratios
£ ' of the as-built and retrofitted buildings subjected to each
3;3, of the input ground records. For most of the input ground
%‘)‘40 records, the inter-story drifi ratios were reduced from
=

0.20

0.00 1.00 2.00 3.00 4.00
Pertod (sec)

Figure 17. Response spectra of the 10 ground motions
and the KBC design spectrum.

value of the maximum inter-story drift is 0.96% of the
story height, which changed the damage state of the
reference  building  from the *Collapse’ stale to the

-O-Xm-w/0BRKB
-0-34%.-w/o BRKB
A& -989%.w/0BRKB

ta

story

0.00 1.00 2.00 3.00 4.00 5.00

Inter-storv drifi ratio (%e)

(a) As-built structure (w/o BRKB)

abave 3% of the story height to below that value, which
implies that collapse of the reference building can be
prevented by installing the BRKBs at the first story. The
retrofit effect on the shear wall system in the upper storics
is marginal compared to that on the first story moment
frame as shown in Fig. 19(b). Based on the above
observation, it can be concluded that since the seismic
inelastic behavior in the typical low-rise residential
structures is concentrated on the first story moment
frame, retrofit of the first story using the BRKBs can be
an effective option for enhancing structural safety against
earthquake loads.

6
-@ Xm-w/BRKB
-8- 84% w'BRKB
& 95%.w BRKB
5 1]
4 pu
t
2
3+
2 i
1 +
0.00 1.00 200 300 4.00 5.00

Inter-story drift ratio (%)

(b) Retrofitted structure

Figure 18. Inter-story drifts of the model structure obtained from dynamic analysis,
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6. Conclusions

Experimental and analytical studies were carried out to
investigate the effect of a buckling-restrained knee brace
(BRKB) for scismic retrofit of a low-rise building with
weak [irst story. The findings of this study are summarized
as follows.

In the sub-asscmblage tests of the developed BRKB
specimens, ductile torce-displacement relationships were
observed. All BRKB specimens salisfied the requirement
for the compression-strength adjustment factor specificd
in the AISC Seismic Provisions, The cumulative plastic
ductility (CPD) of the test specimens except the C42R [ 50-
R specimen exceeded the requirement (>-140) specilied in
the AISC-SEAQC provisions; while no specimen satisficd
the requirement (>200) specified in the AISC Seismic
Provisions due to the unexpected slips during the sub-
assemblage test.

The test results showed that the size of the core plate
(aspect ratio) was the most influential parameter on
energy dissipation capacities among the design variables
considered in this study. At the 14th loading step, the
cumulative hysleretic energy ol the specimens with a
60x 16 mm core plate (CO0R100 and CO6OR150) turned
out to be about two times larger than those of the
specimens having a 42x 16 mm core plate (C42R100-1
and C42R100-2). In addition, the size of the channel
sections (or P, /P,) affected the capacity of the BRKB.
The CPD of the specimen CO60RIS0 was about 19%
larger than that of the C60R100 at the 14th loading step.
It was also observed that the size of the channel sections
improved  the ductility capacity by incrcasing the
conlinement cffect.

The specimens developed in this study showed several
patterns of failure mode: Strong axis buckling of the core
platc occurred in the specimens C42R 100-1 and C42R 100-
2. These specimens failed due to the detachment of the
stilfener caused by the buckling of the core plate in the

105
200 | — e i ’ E
|
5 1.50 ‘
013 gga 0.02 0.1 005 s 01 g uba 00l |
AL - - i 1<} 15Li‘i‘ jir mﬂ:ﬁd
R1 134 R3 R4 R6 RY RiD

Farthquake Ground Vintnn
(b) Shear wall system (higher stories)

ratio beflore and afler the retrofit.

strong axis. The specimen C60R100 showed weak axis
buckling of the core plate duc (o the loss of confinement.
The specimen CO0R150 (ractured at the connection of the
end of the core and gusset plates where the rubber sheet
used as unbonded material was detached. The specimen
CA2RI50-R with Jonger groove length unexpectedly
fractured at the carly loading step.

The installation of the BRKBs in the weak story of the
madel structure resulted in the deerease of the median of
maximum inter-story drill ratios below the threshold for
the collapse limit state specified in the FEMA 450, Based
on the analysis and test results, it was concluded that the
application of BRKBs could be an effective method for
improving the scismic performance of a low-rise building
with weak first story.
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