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ABSTRACT: Buckling restrained braces (BRBs), which are made from encasing a steel 

core into a steel tube, and confined with infill concrete, have been widely adopted as 

seismic devices worldwide. In the past decade, many novel concepts and designs of BRBs 

have been proposed and verified via full-scale components and frame tests in National 

Taiwan University and National Centre for Research on Earthquake Engineering. Most 

importantly, the majority of the above technology has successfully been transferred to the 

industry, and implemented in a range of building applications (e.g. residential, 

commercial, gymnasium, high-tech factory, and hospital). 

In this paper, the basic concept of the BRB is first introduced, followed by a summary of 

current development of BRBs in Taiwan. The development includes: (i) the investigation 

of unbonding material, (ii) the proposed novel design of BRBs (e.g. double tube and 

double core, detachable, and welded end-slot), and (iii) full-scale components and frame 

tests. Next, several application examples of BRBs in Taiwan are introduced and 

tabulated. This paper concludes with a discussion and suggestions on how to transfer the 

technology and experience of BRBs into New Zealand. 

1 INTRODUCTION 

Braced frame systems have been widely used in modern seismic design as they can efficiently resist 

lateral forces due to wind or earthquakes. However, the inherent buckling of conventional braces can 

cause strength degradation under large compressive loads, as shown in Figure 1a. To improve this 

shortcoming, a buckling-free brace concept (Figure 1b) was first proposed and experimentally tested 

by Wakabayashi et al. (1973). Since that time, many different types of buckling-free braces, referred 

to as Buckling Restrained Braces (BRBs) or Unbonded Braces (UBs), have been proposed, and 

numerous analytical and experimental studies have been carried out in Japan, Taiwan, and United 

States (Uang et al. 2004). Generally, BRBs have the following components: (i) core steel member, (ii) 

unbonding materials, and (iii) buckling restraint (Figure 2b). The core steel member is designed to 

carry the axial load (both tension and compression) without experiencing buckling failure. Unbonding 

materials, placed between the core member and the infill concrete, are used to reduce the friction 

force, and to avoid adhesion between the two different materials. The bucking restraint (a concrete-

filled steel tube, for example) is intended to limit the buckling of core member. In all-metallic BRBs, 

the unbonding material and buckling restraint can be an “air gap” and steel tubes, respectively. 

Moreover, BRBs can be detachable if bolted connections are used. Nowadays, a variety of BRBs with 

different material and geometries have been proposed and studied. Figure 2b lists parts of current 

available BRBs or UBs proposed by various researchers. 

As can be seen, the development of BRBs has a long history (over 30 years) among researchers from 

different counties. In addition, this innovative device has been successfully utilized in design of new 

buildings or retrofit of existing ones in many seismic counties, such as Japan, Taiwan, and United 

States. By contrast, there are few application examples in New Zealand. This paper therefore focuses 

on the successful story of the introduction of the BRB in Taiwan, and how (if applicable) this maybe 

done into New Zealand. Below, an overview of the development of BRBs in Taiwan is illustrated, 
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seismic design procedures and current provisions will be summarized. Finally, BRBs application 

examples are presented, followed by discussion on current limitations and future research required to 

development of BRBs design provisions in New Zealand. 
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(a) Conventional brace  (b) Buckling restrained brace 

Figure 1. Seismic behaviour of different brace system 

 

 
 

(a) Buckling restrained brace components  (b) Cross section of typical BRBs or UBs (Tsai and Lai, 2002) 

Figure 2. Buckling restrained brace components (a) and cross sections (b) 

2 OVERVIEW OF RESEARCH INTO BRB 

Chen et al. (2001) studied the behaviour a type of BRB, named BIB (Buckling Inhibiting Brace). In 

this proposed BIB, a concrete-filled tube and a layer of silicone grease were used as buckling 

restrained part and unbounded material, respectively. While the core member was made by low-yield 

strength steel (nominal Fy = 100 MPa). The results indicated that the maximum compressive strengths 

were much higher than the tensile strengths. Chen et al., therefore suggested that this brace should be 

used in a diagonal, instead of a V or inverted-V configuration to avoid a net point load applied near the 

centre of beams. 

Different from the conventional BRB (namely, a single core with geometrical symmetric, along with a 

single tube filled with concrete or mortar), Tsai and Lai (2002) proposed an innovative type of BRB 

with the double tube double core configuration. More details will be presented in Section 2.2.1. Since 

that time, other research programs into BRBs have been conducted. In the following, study results in 

terms of the unbonding material, the versatility of BRB design, and BRB frame (BRBF) seismic 

behaviour will be summarized.  

2.1 Unbonding material 

In order to determine the unbonding effects of different materials and different thickness, a total of 10 

BRBs were tested under a SAC defined cyclic loading regime with increasing displacements. Based 

on the test results, 2mm thick silicone rubber sheets were reported to have the least bond (Tsai and 

Lai, 2002). The 2-mm thick silicone rubber sheets were then widely used as unbonding material in 

subsequent research investigations and industry applications.  

More recently, another 4 materials (i.e., styrofoam sheet, chloroprene rubber, rubber sheet, and 

silicone rubber) have been tested in order to investigate their bond effect. In addition to the 

experimental tests, a numerical formula, considering the high-mode buckling effect, was proposed to 
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predict a compression strength adjustment factor (  ) (Wu et al. 2011). Based on the experimental 

results and the ease of use, the authors suggested that the chloroprene rubber was most cost-effective. 

The results also indicated that materials with the least bond gave the greatest fatigue life. The 

experimental results also showed that the   factor can be reasonably predicted for a well made BRB. 

That means structural engineers can then reasonably predict and/or control the structural response, 

which will contribute to the achievement of design performance according to Equation 1:  
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where , s, , and Lbw are compressive strain, layer thickness, Poisson’s ratio and high mode buckling 

wave length, respectively. The determination of Lbw can be referred to Wu et al. (2011). 

2.2 Versatile design of BRB 

Since 2001, buckling restrained braces with different configurations have been proposed and studied at 

Nation Taiwan University (NTU) and at the Natural Centre for Research on Earthquake Engineering, 

Taiwan (NCREE). A short development history of BRB, the double tube double core BRB, the all-

metallic and fully detachable BRB, and to the latest web end-slot BRB, will be introduced in this 

section. 

2.2.1 Double-cored BRB 

As shown in Figure 2b, the majority of BRBs consist of a single geometric symmetric core members 

(with cruciform or flat bar cross-sectional shapes, for example), unbonding materials, and a single 

concrete-filled tube as buckling restraint. The single cored brace to the gusset connection is typically a 

butt joint, which uses several splice plates and needs two set of connection bolts, as illustrated in 

Figure 3a. This butt joint involves significant labour and hence cost. Most importantly, the long end 

connection length exposes the BRB to high risk of buckling at the gusset connection (Tsai et al., 

2004). In order to reduce the length as well as being more cost-effective by reducing the number of 

bolts, double-cored buckling restrained braces (DC-BRBs) were developed as shown in Figure 3. 

Extensive experimental component and subassemblage testing has proven the stability and reliability 

of DC-BRBs (Tsai and Lai, 2002, Tsai et al., 2004, Lin and Tsai, 2003). 

    

(a) Conventional BRB  (b) DC-BRB  

Figure 3. Different BRB End Connections 

2.2.2 Detachable BRB 

The detachable BRB was proposed and verified experimentally by Lin & Tsai (2003) to allow visual 

inspection of member damage. As shown in Figure 4 (left), the detachable design provides the 

possibility of disassembling the BRBs for inspection after earthquakes. Furthermore, as with the 

bolted end connection design, the steel core member can be replaced if needed be.  

 

2.2.3 Welded end-slot BRB 

To be more cost-effective and have a more compact connection, a new type of welded end connection 

BRB, the WES-BRB, referred to Welded End-Slot Buckling Restrained Brace, has been developed 

and investigated experimentally (Wu et al., 2011), as shown in Figure 4 (right). A special design of 

WES-BRB is the orientation of the flat core plate, which is then perpendicular to the gusset and it is 

slotted at both ends. Here, the offset stiffeners can provide additional strength and stiffness if needed. 
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Figure 4. All-metallic detachable BRB (left), and WES-BRB (right) 

double-T to gusset plate connection behaviour as well as the seismic behaviour of BRBF in system 

levels, three large scale specimens (single story single bay with a scale factor equal to 0.476) were 

tested statically at NCREE (Tsai et al., 2004). The frame cyclic fatigue performance exhibited stable 

hysteretic characteristics for both the components and frame as shown in Figure 5. 

  

Figure 5. Experimental setup (left), and one testing result (right) of single story V-shaped BRBF 

2.2.4 Full-scale 3-story 3-bay CFT/BRBF 

A full-scale 3-story 3-bay CFT column and BRB composite frame (CFT/BRBF) specimen (Figure 6) 

was constructed and tested in a Taiwan-US-Japan Cooperative Research Program (Tsai et al., 2008). 

Measuring 12m tall and 21m long, the specimen is among the largest frame tests of its type ever 

conducted. Pseudo-dynamic test procedures applied recorded ground motions scaled to different 

seismic hazard levels (i.e., 10%, 5%, and 2% in 50 years). Resulting recommendations include: (1) An 

effective length factor of 2.0 should be applied for the design of a gusset plate without edge stiffeners. 

(2) The BRBs tested in the frame had lower cumulative plastic deformation (CPD) capacity than in 

similar component tests. This effect is due to the significant rotation demand in the frame, and a 

simple approach to calculate it was proposed (Tsai and Hsiao 2008). 

  

Figure 6. Plan and elevation view (left), and photo (right) of the full-scale CFT/BRBF specimen 
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In addition to the above full-scale BRBF testing, other full-scale BRBFs have been tested. A full-scale 

2-story BRBF substructure, subjected to bi-directional seismic ground motions was conducted pseudo-

dynamically to investigate the performance of the brace to gusset plate connections subjected to both 

in-plane and out-of-plane deformational demands. It was shown that properly designed gusset plates 

can sustain the high cyclic tensile and compressive forces combined with the bi-directional 

deformational demands developed from the BRBs (Weng et al., 2005). A separate test of a full-scale 

3-story BRBF, subjected to hybrid and cyclic loading was conducted in 2010 to investigate the 

performance of thin BRBs. The results demonstrate that the local bulging failure can be prevented if 

the steel casing is properly designed. Recommendations on the seismic design were also suggested 

(Lin et al., 2011). 

3 BRBF SEISMIC DESIGN 

In the United States, design provisions  for Buckling-Restrained Braced Frames (BRBF) are listed in 

Chapter 16 of “Seismic Provisions for Structural Steel Buildings” published by the American Institute 

of Steel Construction (AISC, 2005). Qualification tests procedures for BRBFs are also provided. 

Unlike the practice in United States, no design provisions is available in Japan because of BRBs are 

treated as hysteretic dampers. These require peer-review and nonlinear time history analyses. 

In Taiwan, a task group has been assigned to incorporate provisions specific for BRBFs in the 

specifications. Until that is done, the provisions of AISC are recommended, followed by peer-review 

and nonlinear time history analyses. In the rest of this section, Taiwanese basic design considerations 

for BRBFs are listed, followed by an overview of qualification test requirements. 

3.1 Design considerations 

3.1.1 Effective stiffness and brace strain 

The profile of the steel core member, as shown in Figure 8, is generally developed based on a capacity 

design philosophy. In other words, the approach attempts to concentrate the BRB’s nonlinear 

deformation in the core area Ac, while other parts (transition region At, and end-joint region Aj) remain 

elastic. It has been verified by Tsai et al. (2004) that the approximate effective stiffness, Ke, of a BRB 

can be predicted by Equation 2. 
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As illustrated in Figure 9, the relationship between a brace’s overall strain ( wp ) and the interstory 

drift ( ) can be approximated as sin 2 / 2wp   , where   is the angle between the brace and the 

horizontal beam, as shown in Figure 7. The core strain, c, may be computed as c = wp. Lwp/Lc, where 

Lc is the core length and Lwp is the length between working points. For example, if the inter-story drift 

demand is 0.02 radians, then the peak core strain would be close to 0.02 for BRBs with a length aspect 

ratio, Lc/Lwp, of 0.5 when  = 45 degrees.  

  

Figure 7. Profile of steel core member of DC-BRBs (left); schematic relationship between brace 

deformation and inter-story drift (right) 
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3.1.2 Steel core member design 

In order to design the steel core member, the design yield strength (
yscP ) needs to be defined or 

calculated. 
yscP  along with material yielding properties will then be used to design the size of the core 

(Ac). In addition, the possible maximum compressive strength (
maxP ) adopted in BRBs, needs to be 

calculated, to design the other parts of the core member, buckling restraint, and connection. According 

to AISC 2005, 
maxP is expressed as: 

                                                                            
max y yscP wR P                                                            (3) 

where w  and
yR  are the strain hardening factor, and material’s over-strength factor, respectively.   is 

the ratio of maximum compressive to maximum tensile force as discussed in Section 2.1. 

To prevent the BRBs from a global flexural buckling, Equation 4 is suggested for the design of 

buckling restrained parts, with the assumption that the tube carries all the load. 
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where E is the Young’s modulus, Itube the moment of inertia of steel casing and L the length of tube. 

FS is safety factor; a value equal to 1.5 is suggested. 

Similarly, Equation (5) is suggested to prevent buckling from occurring at the section near the end of 

steel tube (Tsai et al., 2004). 
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where Pe_trans  and EItrans are the axial buckling force and elastic flexural stiffness of the core member  

at a section near the end of the steel tube, respectively. Pmax and Lb are given in Equation 3 and Figure 

3, respectively. 

3.2 Seismic provisions 

Even though the above design approach is straightforward, AISC provisions still request experimental 

validation of BRBFs. The reasons are due to their complicated behaviour (a) within the brace under 

axial loading, and (b) due to the rotation demand between the end connection and gusset plates. 

Therefore, BRB component and subassembly tests are performed in accordance with AISC (2005) 

provisions, including setup, loading protocol, and criteria. AISC suggests that the core deformation 

demand during the tests should be up to 2 times larger than the design values, to guarantee that the 

BRBFs are stable. Similarly, the maximum demand in the test loading protocol is related to twice the 

design story drift.  

4 BRBF IMPLEMENTATION IN TAIWAN 

Since 2001, when DC-BRBs were first developed and shown to work, more than 10,000 sets of DC-

BRBs have been manufactured and installed in Taiwan. In this section, procedures to transfer BRB 

design and manufacturing technologies into industry are presented. Different application examples in 

Taiwan are then summarized. 

4.1 Methodology & technology transfer 

DC-BRBs like the UBs in Japan and other BRBs worldwide have been protected by patents. However, 

to achieve an earthquake resistant nation, NCREE, under the supervision of National Science Council 

Taiwan, began transferring BRBF information to industry from 2002. The technology transfer 

processes include: (1) background information and capacity checks on the group requesting 

authorization, (2) BRBFs methodology and technology training, and (3) qualification assurance of the 

manufactured BRBs. Currently, 10 groups have been authorized in Taiwan.   
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4.2 Application examples 

Applications of DC-BRBs are diverse, from residential buildings, to commercial buildings (i.e., 

general office, and high-technology manufactured factories), to public buildings (i.e., temples, 

university gymnasium), and to essential structures (i.e. hospitals, and power transfer stations). Also, 

the applications include both design of new buildings as well as retrofit of existing buildings. 

The Shee-Hwa United World Tower, a 46-story office building located in central-Taiwan was 

designed prior to 1999. It needed a seismic upgrade to accommodate an increase seismic demand as 

anticipated after 1999 Chi-Chi earthquake. A total 80 sets of DC-BRBs were installed in two opposite 

perimeter bays in the longitudinal direction of the frame.  

Another example is a 10-story gymnasium at Chinese Culture University, Taipei. The lateral force 

resisting structural system consists of mega braced frames in the longitudinal direction and built-up 

truss moment resisting frames in the transverse direction as shown in Figure 8. A total of 96 sets of 

DC-BRBs were installed in the 3-dimensional steel frame. In addition, the maximum length of the 

DC-BRB is about 11 meters with A572 GR50 core plate (45 x 260 mm) and concrete-filled built-up 

steel box casing (500 x 250 x 15 mm). The peak axial strength was 10,000kN. Following the design-

by-testing requirements, four full-scale BRBs were tested in NCREE. The results exhibit a stable and 

symmetric hysteretic behaviour of the full-scale large size DC-BRBs. In addition, the CPDs met the 

SEAOC/AISC requirements (dated on 2001), except one specimen, which failed due to additional 

rotation demand at brace ends induced by the test setup. 

 

  
Figure 8. BRBF application: the 10-story gymnasium  

5 BRBF IMPLEMENTATION IN NEW ZEALAND 

Unlike the wide acceptance in other seismic countries (i.e., Japan, United States, and Taiwan), the 

number of applications of BRBs in New Zealand is not large. One application example is the 

Psychology buildings at the University of Canterbury. The limited application may be due to the lack 

of BRBF regulations in the current New Zealand design code and the lack of awareness of this system 

by designers. However, as illustrated in previous sections, the design of BRBFs is straightforward and 

can result in improved control of structure performance. Undesirable failure modes may occur if 

BRBF design/construction is not carried out properly. BRBFs are likely to be cost-effective compared 

to other braces systems widely used in New Zealand, such as CBFs and EBFs (Corte et al. 2011). 

Application examples in Taiwan as well as others in Japan and United States demonstrate the stable 

and reliable behaviour of well-designed and constructed brace systems. Based on the above 

advantages, there is an expectation that applications will increase in the future. To achieve it, 

successful lessons learnt from Taiwan may be helpful. Moreover, future research and regulations are 

required to ensure that future BRBFs in New Zealand will behave as desired through the development 

of appropriate design and construction provisions which consider the specific characteristics of New 

Zealand material properties, construction technologies, deformation demands, loading protocols, etc. 
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6 CONCLUSIONS 

The following conclusions can be derived from the study presented in this paper: 

 Well designed and detailed BRBFs, being cost-effective and providing good control of 

structural behaviour, have attracted attention of seismic engineering communities around the 

world. Examples of applications are increasing.  

 Both the development and implementation on BRBFs in Taiwan can be used as an example for 

the development of a technological infrastructure for the use of BRBFs in New Zealand. 

 Further research is required to incorporate BRBF seismic regulations into New Zealand design 

codes. This includes the development of both design rules and qualification test requirements 

to ensure desirable performance.  
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