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Abstract. This paper presents an analytical study aimed at evaluating the effectiveness of using buckling-
restrained braces (BRBs) in mitigating the seismic response of a case study 6 storey reinforced concrete
(RC) building. In the design of the BRBs with non-prismatic cross-sections, twelve combinations of o and f
design parameters that influence the strength and stiffness of the BRBs, respectively, were considered. The
response of the structure with and without BRBs under earthquake ground accelerations were evaluated
through nonlinear dynamic analysis. Two sets of ground motions representative of the design earthquake
with 10% and 50% exceedance probability in fifty years were taken into account. By comparing the
structural performance of the original and buckling restrained braced structures, it was observed that the use
of the BRBs were very effective in mitigating the seismic response as a retrofit scheme. However, the
selection of the strength and stiffness parameters of the BRBs had considerable effect on the response
characteristics of RC structures. For instance, by increasing the value of a and by decreasing the value of
of the buckling-restrained braces, the maximum deformation demand of the structures increased.

Keywords: buckling restrained brace; nonlinear dynamic analysis; reinforced concrete building;
seismic response

1. Introduction

In the last few decades, there have been several studies on innovative approaches in order to
better protect or strengthen the structures under the effect of external dynamic forces. The idea
behind these innovative approaches which especially focus on the materials and systems is to limit
the inelastic deformations in other structural members by dissipating the energy in itself (Symans
et al. 2008, Housner et al. 1997, Soong et al. 1997, Soong et al. 2002, Bergami and Nuti 2013,
Karalis and Stylianidisa 2013, Giineyisi and Sahin 2014). In this study, among these innovative
approaches, buckling-restrained braces (BRBs), which have the advantages of low cost, ease of
production, and installation (Kanaji et al. 2003, Farhat et al. 2009), were investigated.

In buckling restrained braces, as shown in Fig. 1 (Clark et al. 2000), there is a core that
provides the axial strength to dissipate energy and a restraining section that provides the flexural
rigidity to avoid buckling. An insert filler material such as infill concrete, mortar or grout is used
to fill the space between the core and restraining section. In order to prevent excessive shear stress
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transfer that may occur when the brace is under compression, an unbonding material is also placed
between the core and insert filler material. In BRBs, the aim is to obtain a yielding core that can
deform longitudinally under tension and compression forces independent from buckling. Since
lateral and local buckling behaviour is restricted, high cyclic ductility is attainable (Sabelli et al.
2003). Based on these design approaches, the buckling-restrained braces provides stable hysteresis
behaviour having approximately the same axial yield force in tension and compression, as given in
Fig. 2 (Clark et al. 2000). In the last few decades, many researchers have investigated the
hysteresis behaviour of different designs of buckling restrained braces (Sabelli et al. 2003,
Watanabe et al. 1988, Wada et al. 1998, Merritt et al. 2003a, b, Koetaka et al. 2006, Iwata and
Murai 2006, Usami ef al. 2008, Tsai et al. 2008).

Even though the use of buckling restrained braces is desirable for seismic design of new
buildings for their higher ductile behaviour; in the last decade its use for strengthening and
rehabilitation of existing structures gain considerable attention (Ash and Bartoletti 2009, Di Sarno
and Manfredi 2010, Giineyisi 2012, Giineyisi and Ameen 2014, Della-Corte et al. 2015). Within
this context, the aim of this analytical study is to introduce buckling restrained braces designed
with different stiffness and yield load as a seismic upgrading scheme for damage prevention
capacity and to evaluate the upgrading effectiveness of using them in a reinforced concrete
structure.
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Fig. 1 Schematic view of a buckling resistant unbounded brace (Clark et al. 2000)
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Fig. 2 Hysteresis behaviour of a buckling restrained brace (Clark et al. 2000)
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2. Description of sample structures
2.1 Original frame

An exterior frame of a six storey reinforced concrete (RC) building was selected in order to
compare the seismic response of the original structure with the updated seismic response of the
structure after the addition of buckling restrained braces with different design properties. A
building which consists of four bays in each direction and which is regular in shape and symmetric
in plane was chosen in order to carry out the analysis on two-dimensional models which ease the
interpretation of the results of analysis. Typical floor plan and elevation view of the selected
building were given in Fig. 3. The material properties such as the uniaxial compressive strength of
concrete and the yield strength of both longitudinal and lateral reinforcement were assumed to be
16 MPa and 220 MPa, respectively. The dimensions of the columns varied with the storey height,
as shown in Table 1 while all the beams had the same cross-sectional properties as 250x500 mm.
For these structural members, the reinforcement details were given in Table 1. Moreover, for the
potential plastic hinge zones, the spacing of the lateral reinforcement was taken as 150 mm. In
modeling of the frame, as gravity loads, dead load and live load were taken into consideration. In
the calculation of the dead load, weight of the structural members and weight of the masonry infill
walls were included. The live load was taken as 2.0 kN/m’, which is typical for residential
buildings.
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Fig. 3 A layout for (a) a floor plan and (b) elevation of the original frame, and (c) elevation of the
buckling restrained braced frames
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Table 1 Properties of columns in the original frame and total core area for buckling restrained braces in
BRBFs

Storey . Original Frame Bucl.ding Restr‘ained Braced Frame
Level Column Dimensions Reinforcement Buckling Restrained ~ Total Corg Area
(mm) Brace (mm”)

1 S1 400x400 816 BRBI 600

2 S1 400x400 816 BRBI 600

3 S2 350%350 814 BRB2 450

4 S2 350%350 8p14 BRB2 450

5 S3 300%300 4016 BRB3 200

6 S3 300%300 4016 BRB3 200

The analytical model of the frames including nonlinear properties of the structural members
was obtained by using SAP 2000 Nonlinear version 14.0 which is a general purpose structural
analysis program (CSI 2011). Lumped plasticity approach was utilized and the nonlinearity was
taken into account by adopting plastic hinges with hysteretic relationships based on FEMA-356
(FEMA 356) to each end of the beam and column members. For the column members, axial force
and biaxial moment hinges (PMM) and for the beams flexural moment hinges (M3) were
considered.

2.2 Buckling restrained braced frames

In this study, buckling restrained braces with different design properties were utilized as a
means to update the seismic response of the original structure, and the effectiveness of the
buckling restrained braces were investigated, comparatively.

In the study of Kalyanaraman et al. (1998), it is shown that for the buckling restrained braces
having non-prismatic cores, by changing the reduced area of the core and by changing the length
of the core with reduced area, it is possible to obtain wide range of stiffness and strength for the
buckling restrained braces. They also showed that by using this property, it is possible to attain the
desired inter-storey drift and energy absorption in the structures. Furthermore, in the study of
Kumar et al. (2007), the parameters related to hysteretic behaviour of the buckling restrained
braces such as the stiffness in the elastic and post-elastic range, are given in terms of the reduced
area of the core and the length of the core with reduced area. The ratio of the reduced area of the
core to the total area of the section is denoted with a (¢=4,c4uced/ A1oar), and the ratio of the length of
the core with reduced area, to the total length of the brace is denoted with f. The hysteretic
behaviour of the buckling restrained brace shown in Fig. 4 is defined in terms of o and £ by using
Egs. (1) and (2) (Kumar et al. 2007)
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Fig. 4 (a) Core element and (b) hysteretic behaviour of buckling restrained braces (Kumar et al. 2007)

Table 2 Free vibration periods of the original and buckling restrained braced frames

Frame System o b Period (5)

Ist 2nd 3rd

Original Frame OF - - 0.70 0.26 0.15

BRBF100100 1.00 1.00 0.57 0.22 0.13

BRBF075100 0.75 1.00 0.59 0.23 0.13

BRBF050100 0.50 1.00 0.62 0.23 0.14

BRBF025100 0.25 1.00 0.66 0.25 0.14

BRBF075075 0.75 0.75 0.59 0.22 0.13

BRBF050075 0.50 0.75 0.61 0.23 0.14

Buckling Restrained - ppppojsozs 025 0.75 0.65 0.24 0.14
Braced Frames

BRBF075050 0.75 0.50 0.58 0.22 0.13

BRBF050050 0.50 0.50 0.60 0.23 0.13

BRBF025050 0.25 0.50 0.63 0.24 0.14

BRBF075025 0.75 0.25 0.57 0.22 0.13

BRBF050025 0.50 0.25 0.59 0.22 0.13

BRBF025025 0.25 0.25 0.61 0.23 0.14

In these equations, A is the total area of the cross section, £ is the modulus of elasticity whereas
E, is the modulus of elasticity after yielding, ¢ is the displacement, and &,, = f,,aA/k, is the yield
displacement.

In the current study, buckling restrained braces with different hysteretic behaviour defined
following the approach stated by Kumar ef al. (2007) were introduced into the side bay of the
original frame, as shown in Fig. 3. In the retrofitting projects, the area of the reduced core is
generally selected based on the desired seismic performance level of the building. If a force based
design approach is followed, the reduced core area is designed to resist some portion of the design
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lateral load. If a displacement based approach is followed, the design process focus on determining
the reduced core area that satisfy the qualitative description of the seismic performance state
(Ruiz-Garcia and Teran-Gilmore 2010). In the current study, the effectiveness of BRBs with
different strength and stiffness properties on mitigation of seismic displacement demand of a
reinforced concrete structure was investigated. Thus, the total area of the core with respect to
storey level was kept constant for the frames with non-buckling braces as shown in Table 1, while
the reduced area of the core and the length of the core with reduced area were varied to obtain
BRBs with different strength and stiffness characteristics.

For the value of a which is the reduced area of the core to the total area, 0.25, 0.50, 0.75 and for
the value of S which is the ratio of the length of the core with reduced section to the total length,
0.25, 0.50, 0.75, 1.0 were considered. Therefore, 12 combinations of these a and f values were
utilized in buckling restrained braced frames (BRBFs). The set of BRBFs assessed in this study
including their modal properties are summarized in Table 2. In the analytical model, the hysteretic
behaviour of the buckling restrained braces was modeled with nonlinear link (NLLink) members.

3. Nonlinear dynamic analysis

In order to see effects of different structural characteristics of buckling restrained braces on
seismic response of the structures, the seismic behaviour of the unbraced and buckling restrained
braced frames were investigated under earthquake ground accelerations. For this, nonlinear
dynamic analysis was performed. In nonlinear time history analysis, analytical models consisting
the structural members as described in the previous sections were subjected to earthquake ground
accelerations.

For nonlinear dynamic analysis of the frames, a set of natural ground accelerations generated as
spectrum compatible were utilized (PEER 2011). Two levels of seismic hazard for the design code
spectrum were considered such as: 10% and 50% probability of exceedance in 50 years period.
The comparison between the design code spectrum and elastic spectra of the scaled natural ground
accelerations are given in Fig. 5. Moreover, the characteristic properties of the natural ground
motions such as the magnitude (Mw), the peak ground acceleration (PGA), the peak ground
velocity (PGV), peak ground displacement (PGD), and characteristics of the site where
acceleration recorded are listed in Table 3.

Table 3 Characteristics of the selected ground accelerations

Seismic Hazard Magnitude Vo PGV Scale

Level Earthquake Record  Year (M,) (m/s) PGA (g) (cm/s) PGD (cm) Factor
10% Chi Chi 1999 7.62 504.4  0.443 13920 14642 2.0
probability of Erzincan 1992 6.69 2745 0.420 4529  16.52 1.0
exceedance in
50 years Loma Prieta 1989 6.93 5945 0267 5296  13.95 2.1
50% Northridge 1994 6.69 3362  0.600 31.07  10.46 0.5

probability of ol Valley 1905 6.53 2023 0430 5533 3282 0.5
exceedance in

50 years Landers 1992 7.28 2714  0.128 19.00 9.25 1.0
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Fig. 5 Elastic spectral accelerations of the ground motions scaled for seismic hazard of (a) 10%
probability of exceedance in 50 years and (b) 50% probability of exceedance in 50 years

4. Results and discussion

As one of the global seismic performance parameter, maximum roof displacement demands for
the frames were obtained and the variation of maximum roof displacement demand of the original
and buckling restrained braced frames are demonstrated in Fig. 6. As seen in Fig. 6, for all BRBFs,
the maximum roof displacement demand obtained was less than that of the original frame under all
earthquake ground motions. The conducted comparative analyses illustrated that the variation of
the a and S values had effect on the maximum roof displacement demand such as the maximum
roof displacement of the BRBFs decreased with the increase in a value, generally increased with
the increase in f values. For example, under Chi-Chi earthquake, the maximum roof displacement
of the original frame was 3.4, 2.7, 2.2, and 2.0 times the maximum roof displacement demand of
the BRBFs with a=0.50 and $=0.25, 0.50, 0.75 and 1.0, respectively. The ratio of the maximum
roof displacement demand of the original frame to that of BRBFs with a constant f=0.50 and
varying o values of 0.25, 0.50 and 0.75 became 2.2, 2.7 and 2.9, respectively. However, when
subjected to earthquakes which have 50% probability of exceedance, these ratios reduced such as
under Imperial-Valley earthquake, the maximum roof displacement of the original frame was 2.5,
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2.3, 2.0 and 1.9 times the maximum roof displacement demand of the BRBF050025,
BRBF050050, BRBF050075, and BRBF050100, respectively. As seen in Fig. 6, under Northridge
earthquake, the BRBF025100 had slightly higher maximum roof displacement demand than the
OF which may be due to characteristics of the earthquake acceleration and increase in the stiffness
of the frame with BRBs.
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Fig. 6 Variation of maximum roof displacement demand for the original and BRBFs with a value
of (a) 0.25, (b) 0.50, and (c) 0.75
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Fig. 7 Roof drifts obtained for the original and BRBFs with a value of (a) 0.25, (b) 0.50, and (c)
0.75 under Erzincan earthquake

The time history response of the roof drifts of the original and BRBFs subjected to Erzincan
and Landers earthquakes are presented in Figs. 7 and 8, respectively. When the response histories
obtained under Erzincan and Landers earthquakes were compared, it was observed that the
buckling restrained braces were more effective in reducing roof drifts when subjected to Erzincan
earthquake acceleration which has 10% probability of exceedance. Similarly, significant residual
drifts were examined in the original frame and in some of the buckling restrained braced frames
when the earthquake accelerations with 10% probability of exceedance in 50 years were
considered. Furthermore, with the increase in o value, more reduction in the roof drift history of
the BRBFs was observed and it was much more pronounced especially for the case of f=1.0. For
instance, under Erzincan earthquake, the reduction in the maximum roof displacement demand of
the BRBF075100 with respect to the original frame was about 60%, whereas 33% to 51%
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reduction was obtained for BRBF025100 and BRBF050100, respectively. In addition to this, it
was noticed that for a constant a value, the decrease in £ value resulted in a reduction of the roof
drift response history of the BRBFs. For BRBF025025, BRBF025050, BRBF025075, and
BRBF025100, approximately 73%, 62%, 53%, and 33% reduction in the maximum roof drift with
respect to the original frame was obtained.

Maximum inter-storey drift ratio obtained at each storey level for the original and BRBFs with
o value of 0.25, 0.50, and 0.75 are given in Fig. 9. As seen from the Fig. 9, the maximum inter-
storey drift ratio considerably decreased with the increase in the o value. The maximum inter-
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storey drift ratio decreased with the use of buckling restrained braces for all a and £ values, and
this reduction became more evident for the earthquakes with 10% probability of exceedance in 50
years period. Therefore, the results verified the beneficial effects of buckling restrained braces in
reducing the seismic deformation demand.

The results of inter-storey drift ratios presented in Fig. 10 illustrated that buckling restrained
braces were more effective for the earthquakes with 10% probability of exceedance, and thus they
became more efficient in the inelastic range. Moreover, with the use of buckling restrained braces,
generally more uniform distribution of inter-storey drifts along the height of the structure was
attained, but the maximum inter-storey drift distribution through the height of the structure was
changing, depending mainly upon the o and £ values and also the ground acceleration used. The
design values of o and f parameters of the buckling restrained braces significantly influenced the
level of seismic response of the BRBFs. Moreover, it was observed that for a constant a value, the
maximum inter-storey drift ratio at each storey level increased with the increase in f value, and for
a constant f value, the maximum inter-storey drift ratio decreased with the increase in o value.

It was reported that a properly designed buckling restrained braces could accommodate
inelastic deformations without permitting undesirable modes of failure (Sabelli and Lopez 2004)
and under strong ground accelerations; they could experience axial strains which are
approximately 20 times their yield strain (Usami et al. 2005). In this study, conservatively, 12
times the yield strain was considered as the strain capacity of the buckling restrained braces and
the maximum axial strain demand of the buckling restrained braces were checked. As an example,
the normalized load deformation behaviour of buckling restrained braces obtained under Erzincan
earthquake acceleration are given in Fig. 11. From this cyclic behaviour of buckling restrained
braces, it was observed that with the decrease in a values, axial strain demand of the buckling
restrained braces had a tendency to increase.
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Fig. 11 Load deformation behaviour of BRBFs with f=1.0 and (a) a=0.25, (b) a=0.50, and (c)
0=0.75 under Erzincan earthquake
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5. Conclusions

This analytical study demonstrates that for improving the seismic behaviour of reinforced
concrete structures, the buckling restrained braces can be a viable solution. It was observed that in
the design of the buckling restrained braces with non-prismatic core sections, the selection of the o
and p parameters affected the seismic response of the structures. For instance, the increase in the a
value and decrease in the f value decreased the seismic deformation demand of the BRBFs.
However, the change in the maximum deformation demand of the frames due to § value was small
especially under the earthquakes with 10% probability of exceedance. Moreover, for all buckling
restrained braces, the maximum strain demand was less than the limit since with the inclusion of
the buckling restrained braces, the frames became stiffer. Because of these reasons, any value of f
in the design of the buckling restrained brace could be utilized in case of providing enough rigidity
for the reinforced concrete structure. Moreover, the buckling restrained braces were more effective
in reducing the seismic response of the original frame when subjected to earthquakes with 10%
probability of exceedance in 50 years since their contribution to seismic energy dissipation
increased in the inelastic range.
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