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SUMMARY:

In this paper, Buckling-Restrained Knee Bracing (BRKB) systems were developed through sub-assemblage tests.
The steel core plate of the BRKB was restrained with two steel channel sections and is intended to retrofit
existing low-story building structures for earthquake loadings. Five BRKB specimens were developed
considering important variables that affected the lateral resisting capacity. Tests of the five BRKBs were carried
out under cyclic loading as specified in the AISC2005 Seismic Provisions. It was observed that the ductility and
energy dissipation capacity of the BRKBs were mainly affected by the size of core plate and the size of channel
sections compared to the size of the end plate. Through a sub-assemblage test, five specimens satisfied the
compression-strength adjustment factor’s requirement (< 1.3) in the AISC2005 Seismic Provision and four
specimens exceeded requirement of the cumulative plastic ductility (>130) specified in the AISC-SEAOC. The
test results showed that the installation of the BRKB systems to the existing buildings can be considered as one
of the effective retrofit procedures for existing low-story buildings.

Keywords: Buckling-Restrained Knee Brace; Sub-assemblage test; Piloti type reinforced concrete building;
Seismic Retrofit

1. INTRODUCTION

The present study investigates the use of a steel knee bracing for seismic retrofit of a low-rise
multi-unit residential structure. Since steel knee bracing can be installed in proximity to the
beam-column joint area, they do not restrict the parking area. In addition, ease of constructability of
the knee bracing system, in contrast to the addition of shear walls, makes it possible to carry out the
seismic retrofit without any inconvenience to residents as demonstrated in the previous studies
(Balendra et al., 1991; Suita et al., 2006). However, bracing systems are generally vulnerable to cyclic
loadings such as earthquake 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 elsewhere (Takeuchi et al.,
2010).

Many researchers have carried 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 flat steel plate (a core plate) and reinforcing concrete panels (as a
restrainer) with debonding material. The debonding material was used to avoid attachment between
the core plate and the restrainer. Watanabe et al. (1988) found 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 et
al. (1999) and Choi and Kim (2009). Modeling of hysteretic curves by component tests of BRBs was
carried out by Black et al. (2004). From the tests and analysis results, it was concluded that a BRB can
be used as a practical and reliable alternative to conventional lateral load resisting systems. A new



type of BRB, a double-Tee double-tube BRB (DT-BRB), was suggested by Tsai et al (2002).
Pseudo-dynamic experiments and numerical analyses of a large scale frame with BRBs were
conducted by Fahnestock et al. (2004), and it was found that the connection at the ends of the BRB
should have sufficient stiffness and strength for maintaining stable behavior under maximum
compression and tension force. Experimental and analytical studies of a knee brace system were
performed by many researchers. Aristizabal-Ochoa (1986) developed a Knee Braced Frame (KBF) as
a new alternative structural system for earthquake-resistant steel buildings. Sam et al. (1995) carried
out pseusdo-dynamic testing of single and double story KBF models, and showed that the knee brace
systems were enough to reduce the damage due to the earthquake loadings effectively and
economically.

The aim of the present research is to develop a buckling restrained knee bracing (referred to as
BRKB) systems composed of a steel core plate restrained by channel sections. For a typical BRB or
BRKB, buckling is inhibited by a concrete or mortal filled steel tube. However, the BRKB system
developed in this study uses the steel channel sections. The developed system was to increase the
quality in manufacturing process, and have flexibility in the design details at both ends of the core
plate. The BRKBs are installed in a 1-bay 1-story steel frame and tested under cyclic loading to verify
the seismic performance.

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 test specimens were the size of the core plate (aspect ratio of the core plate), the
size of the channel sections (or P./Py), and the size of the end plate (aspect ratio of the end plate).
Details of the specimens are summarized in Table 1, where the letters C and R in the naming of the
specimens denote the core plate and the channel sections, respectively. The numbers following C and
R represent the width of the core plate and the web length of the channel section, respectively.
Dimensions and drawing details of a typical specimen used for this study are shown in Figure 1. In
Figure 1, the core plate 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 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 force of the core plate was assumed as the
maximum capacity of an actuator used in this test, and 42x16mm (2.60:1) and 60x16mm (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 based on the
findings from the previous research performed by Watanabe et al. (1988) who suggested that the yield
strength (Py) of the core plate should be larger than the buckling strength (P.,) of the channel section
(P./P,>1.0) to prevent buckling of the core. For the specimen with the 42x16mm core plate, two
different P/P, of the channel sections were used; i.e. P./Py =2.53 (100x50x5x7.5mm) and P./Py
=9.41 (150x75x6.5x10mm). For the specimen with the 60x16mm core plate, P./P, of the channel
sections corresponded to 1.78 (100x50x5x7.5mm) and 6.59 (150x75x6.5x10mm). In this study, the
dimension of the non-retrofitted parts including the end plate was determined using Eq. (1) proposed
by Tsai et al. (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.

— T ’ EI trans
e_trans (KLU )2 max ( 1 )

Where P yans is the buckling strength of the end of the brace, lias 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
connect the two restrainer channel sections, 80x60mm stiffeners were welded to the channel sections
at a uniform interval. The stiffeners were welded at the top and bottom of the channel sections. The
number of stiffeners was determined such that the buckling of the parts between the stiffeners would



be prevented under the maximum compressive forces. In order to prevent the local buckling, it is very
important that only steel-encased BRBs minimize friction forces occurring between the core plate and
channel sections. Tremblay et al. (2006) discussed the role of a gap between the core plate and the
steel restrainer in both directions, and Mechmet et al. (2010) used four layers of 0.05 mm-thick
polyethylene film and grease in order to reduce the frictional force. In this study, instead of providing
a gap, a 2mm-thick rubber sheet was placed as a debonding material between the core plate and the
channel sections as depicted in Figure 1.
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Figure 1 Details of a typical specimen

3. TEST PLAN AND SPECIMEN INSTALLATION

A schematic drawing and a photograph of the pin-connected 1-bay 1-story test frame
(5.87mx2.93m) with a BRKB specimen are shown in Figure 2. Bearings were placed at the upper and
lower joints of the vertical steel member to simulate desired behavior of 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 (Figure 2). The loading step of each
specimen was determined by the specifications of the AISC 2005 (2005) as illustrated in Figure 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 (Ay,) specified in the AISC Seismic Provisions, which is 1.5%
of the story height. The first set of the loading cycles (1st and 2nd steps) 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 deformation. Two cycles of loading were applied for each
target drift of 0.75%, 1.5%, 2.25%, and 3.0% inter-story drift ratios. After reaching 3.0% of the
inter-story drift ratio, four cycles of 2.25% inter-story drift (11th-14th loading steps) were additionally
applied to the test frame in order to satisfy the AISC2005 specification, 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 ultimate resisting capacity of
the brace was investigated by applying four loading steps (15th-18th loading steps). In 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 (A,,), respectively.
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Figure 2 Schematic drawing & photograph of test setup
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Figure 3 Loading protocol specified in the AISC Seismic Provisions
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 specimens are presented in Figure 4. The failure modes of the C60R100 and C60R150
specimens are shown in Figure 5. The C42R100-1 exhibited no significant deformation except 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). At the 8th loading step (2.25% inter-story drift
ratio), some cracks of the plaster at the stiffeners were observed due to in-plane buckling of the core
plate. The No. 2 stiffener was detached from the brace at the 10th 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 Figure 3).

The C42R100-2 specimen served as a reference model among the five specimens. The only
difference between C42R100-1 and C42R100-2 was the size of the end plate; 160x19mm and
120x19mm 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 of 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 drift ratio), gradual
in-plane buckling of the core plate was observed. After the 10th loading step (3.0% inter-story drift
ratio), detachment of No. 3 stiffener was observed with an increase of the axial deformation of the
specimen. Global buckling of the core plate in strong axis was observed at the 13th loading step (four
cycles of 2.25% inter-story drift ratio in Figure 3). The failures of the C42R100-1 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, there was less than 2% difference at each step between the C42R100-1



and C42R100-2 (Figure 4 (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 size;
150x75x6.5x10mm compared to 100x50x5x7.5mm of the aforementioned C42R100-1 and C42R100-2
specimens. As a result, the ratios P.,/P for the C42R100 and C42R150-R specimens are 2.53 and 9.41,
respectively. The confinement effect of the channel sections was investigated using the two specimens.
In all specimens except the C42R150-R, uniform core plate sections of 42x16 mm were used along the
whole longitudinal length as a main force resisting element. On the other hand, for the C42R150-R
specimen, the core plate at the ends was enlarged to 75.2x16mm 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 plate was observed after 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 earlier 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. Due to the longer groove length, larger stresses were concentrated at the
groove and the specimen failed in an earlier loading stage.

The width of the core plate was increased in the C60R100 specimen compared to the three
C42R specimens. As shown in the hysteresis curve of Figure 6(d), it displayed the most stable
hysteretic behavior among all five test specimens as well as the best energy 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 channel sections occurred at the 10th loading step (3.0%
inter-story drift ratio). However, only a few cracks were observed visually at the stiffeners, channel
sections, etc. up to the 14th loading step (four cycles of a 2.25% inter-story drift ratio in Figure 3).
After 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 Figure 5. Local buckling of the channel
sections occurred with deformation of the stiffeners. Although in-plane 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 stiffeners. Finally, fracture of the core plate occurred at the 17th
loading step (5.25% inter-story drift ratio), with axial displacement of 45.12mm under the tension
force.

The specimen C60R150 with a core plate of 60x16mm (aspect ratio=8.42:1) and two channel
sections of 150x75x6.5x10mm (P./P, =6.59) was designed to have larger channel sections than the
specimen C60R 100 in order to investigate the confinement effect of the channel sections. As shown in
Figure 6(e), the hysteresis curve is stable and excellent energy dissipation capacity similar to that of
the specimen C60R100 was obtained. The hysteresis loops of the C60R150 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 stiffeners and deformation of the core plate started
at the 12th loading step (four cycles of 2.25% inter-story drift in Figure 3). Before the additional
loading steps (15th-18th loading steps in Figure 3) were applied, there was no significant deformation
in the channel sections. As the C60R150 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 at the
end of the channel sections. 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 Figure 5(b).
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Figure 5 Failure modes of C60R100 and C60R150 specimens

4.2 Compression-strength adjustment factor (f§)

The AISC Seismic Provisions (2005) specifies the compression-strength adjustment factor ()
for BRBs. The B 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 is generally
larger than the tension strength due to the confinement of the restrainers. For inverted-V-type bracing,
when the B 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 B factor should not exceed 1.3.
Based on the experimental results, the B factor of the BRKB specimens was calculated and the results
are presented in Figure 6. The P factors for C42 and C60 specimens are depicted in Figure 6(a) and
6(b), respectively. Overall, the specimens satisfied the limit of the B factor specified in the Seismic
Provisions. The 3 factor gradually decreased when the axial deformation of the brace increased due to
local buckling at the channel sections. Figure 6(a) shows that the  factor of the specimen C42R150-R
was larger than those of the specimens C42R100-1 and C42R100-2. Figure 6(b) shows that C60R150
has a larger P factor than C60R100 during the specified loading steps. However, after the additional
loading steps, the B factor of the specimen C60R150 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.
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Figure 6 Compression-strength adjustment factor for the C42 and C60 specimens
4.3 Comparison of Plastic Ductility () of the Specimens

The cumulative plastic ductility (CPD) of each specimen was calculated by summation of the
ductility of each cycle. The cumulative plastic ductility was obtained by a ratio of the difference

max

between the maximum tension deformation («,;" ) and the maximum compression deformation (u,;" )

over the yield deformation (u, ) with respect to each loading cycle as defined in the AISC Seismic

Provisions (2005) and in the AISC-SEAOC (Structural Engineers Association of California)
Recommended Provisions for Buckling-Restrained Braced Frames (2005). The Seismic Provisions
stipulate that the brace test specimen must achieve 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 observed that four specimens (C42R100-1, C42R100-2, C60R100 &
C60R150) exceeded the cumulative plastic ductility of 140 specified in the AISC-SEAOC (Figure
7(b)) while all specimens did not satisfy the CPD requirement of AISC Seismic Provisions (Figure
7(a)). When the additional loading steps were used, C60R100 and C60R150 specimens exceeded the
CPD requirement of the AISC. Unlike a component test, the sub-assemblage test may have a difficulty
involved with the connection between brace and test frame. In this study, unexpected slips occurred in
the connections during the sub-assemblage test which significantly affected the test results. As shown
in Figure 4, the axial deformation of some specimens at each loading step was directed toward
compression or tension side due to the slips, which resulted in the reduced CPD within the specified
loading 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-assemblage test. Therefore the test results
obtained in this study do not imply that the seismic performance of the specimens is not satisfactory.

The cumulative plastic ductility computed for each specimen is shown in Figure 7. In Figure
7(a), C42R150-R has the largest ductility until the 8thloading 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 due to the fracture at the end of the core plate resulting from concentrated stresses around the
groove. Both C42R100-1 and C42R100-2 specimens were satisfied based on the requirement of
cumulative plastic ductility specified in the AISC-SEAOC. The cumulative plastic ductility of C60
specimens is shown in Figure 7(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 C60R150 specimen was larger than
that of the C60R100 due mainly to the improvement of the confinement with increase of the size of the
channel sections.
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Figure 7 Cumulative plastic ductility of the C42 and C60 specimens
4.4 Comparison of Energy Dissipation Capacity

Energy dissipation capacity was computed by the area surrounded by the load-displacement
hysteretic curve of each specimen and then the cumulative hysteretic energy was computed by
summing the energy dissipation capacity of the specimen with respect to each cycle as described in
Horie et al. (1993) and Black et al. (2004). Figure 8 shows the cumulative hysteretic energy of each
test specimen. Among the C42 specimens, the C42R100-1 showed the most stable hysteretic curve and
the largest energy dissipation. The specimen C42R150-R showed similar energy dissipation capacity
to C42R100-2 specimen before fracture of the core plate. However, after fracture of the end of the core
plate at the 8th loading step (2.25% inter-story drift ratio), the energy dissipation of the specimen
C42R150-R abruptly decreased. The specimen C42R100-1 displayed similar energy dissipation to
C42R100-2 as can be observed in Figure 8(a). The specimens C60R100 and C60R150 dissipated
almost the same energy within the AISC loading steps, as shown in Figure 8(b). After the additional
loading steps, the energy dissipation capacity of the specimen C60R150 was less than that of C60R100
due to the occurrence of local buckling of the core plate as a result of the reduced confinement effect
of smaller channel sections (Figure 8(b)). The C60 specimens (C60R100 & C60R150) 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 satisfied the B factor requirement of the AISC Seismic Provisions and the CPD of the
AISC-SEAOC. The confinement of the channel sections was sufficient to prevent buckling at the core
plate within the loading steps specified in the Seismic Provisions. Cumulative hysteresis energy of the
C60R100 (76750kN-mm) is larger than about 20% that of the C60R150 (63400kN-mm) at the last
loading step of the each test model. The C60R100 specimen showed the best load resisting capacity
among the five specimens. This specimen had the largest cumulative energy dissipation capacity and
satisfied the requirements for the B factor and cumulative plastic ductility specified in the provisions
during the loading steps used in the experiment (AISC loading steps & additional loading steps).
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Figure 8 Cumulative hysteretic energy of the C42 and C60 specimens



6. CONCLUSIONS

Experimental study was carried out to investigate a buckling-restrained knee brace (BRKB)
for seismic retrofit. The findings of this study are summarized as follows.

In the sub-assemblage tests of the developed BRKB specimens, ductile force-displacement
relationships were observed. All BRKB specimens satisfied the requirement for the
compression-strength adjustment factor specified in the AISC Seismic Provisions. The cumulative
plastic ductility (CPD) of the test specimens except the C42R150-R specimen exceeded the
requirement (>140) specified in the AISC-SEAOC provisions; while no specimen satisfied 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 hysteretic energy of the specimens with a 60x16mm core plate
(C60R100 and C60R150) turned out to be about two times larger than those of the specimens having a
42x16mm 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 C60R150 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 increasing the confinement effect.

The specimens developed in this study showed several patterns of failure mode: Strong axis
buckling of the core plate occurred in the specimens C42R100-1 and C42R100-2. These specimens
failed due to the detachment of the stiffener caused by the buckling of the core plate in the strong axis.
The specimen C60R100 showed weak axis buckling of the core plate due to the loss of confinement.
The specimen C60R150 fractured at the connection of the end of the core and gusset plates where the
rubber sheet used as unbonded material was detached. The specimen C42R150-R with longer groove
length unexpectedly fractured at the early loading step.
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