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Buckling restrained braces (BRBs) can be used as structural fuses by dissipating the lateral 

forces applied to a structure while the main structural components remain undamaged. Research 

on BRBs started in Japan in the 1970’s; they were used in buildings in Japan especially after the 

1995 Kobe earthquake (Reina and Normile, 1997) and in the US after the Northridge earthquake 

(Clark et al., 1999). Almost all applications have been limited to seismic rehabilitation of 

existing buildings and construction of new buildings. Recently, researchers proposed 

implementing BRBs as structural fuses in steel bridges (Kanaji et al. 2003; Cardeni et al. 2004; 

El-Bahey and Bruneau 2010, 2011). In all previous research, BRBs were used in the transverse 

direction in order to retrofit bridges against seismic excitations; however, Celik and Bruneau 

(2009) introduced the idea of using BRBs in two directions for steel bridges. 

 

The nonlinear response of an existing multi-span concrete deck on steel girder type curved 

bridge has recently been studied by the P.I. The bridge was modeled using non-linear beam 

elements as shown in Fig. 1. Bearings were modeled as non-linear link elements with stiffness 

based on maximum allowable load. Soil-Structure Interaction (SSI) was taken into consideration 

by modeling soil springs at pile-caps and abutments. The structure has two expansion joints, at 

bent 5 and bent 10, and is connected to the grade separator at abutments 1 and 15. Rocker and 

expansion type pot bearings are used to support the girders on bents and abutments. Expansion 

pot bearings are allowed to move in the longitudinal direction. Girders are connected together 

with cross-frames through bolted connections making the structure rigid.  

 

Nonlinear analysis including SSI effects showed that pounding at the abutments and the 

expansion joints occurred under large earthquakes. Figure 2 shows the effect of pounding on the 

girders in the longitudinal direction for the Loma Prieta earthquake record at abutment 15. The 

normalized girder longitudinal displacement and pounding force are shown; the maximum girder 

displacement follows the pounding force. Pounding of the girders with the abutment creates large 

forces thus increasing girder displacements. Table 1 shows the maximum displacements of the 

girders away from the abutment after pounding for eight actual historical earthquake records. 

The maximum displacement of the girders in many cases is of the order of 200 mm which is 

significant; the resulting pounding force could damage the girders, abutment wall and shear keys. 
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The bridge response was also obtained for the Kobe earthquake which was scaled to the Peak 

Ground Acceleration (PGA) expected at the bridge site which equals 0.575 g. Similar to the 

response at abutment 15 the axial force in the restrainer bars at the expansion joint of Bent 10 

exceeded the yield force. Subsequently the bridge was analyzed without restrainer bars assuming 

that these had failed. Figure 3 shows the relative distance between the girders at the expansion 

joint with respect to time. The 200 mm gap was closed several times during the earthquake event 

causing pounding between the girders and causing the gap to increase up to 580 mm which is 

significant and could damage the pot bearings which have a 600 mm diameter. 

 

Buckling Restrained Braces (BRBs) have a very stable hysteretic behavior as shown in Fig. 4 

(hysteresis curve of BRB tested by the P.I. at the University of Utah); as a result, they dissipate 

significant earthquake input energy and are widely accepted in new design and retrofit for 

moderate to high seismic regions. The use of BRBs was investigated as a retrofit for this bridge 

and was found to be effective. A possible seismic retrofit implementation scheme at the 

abutment with three BRBs in the longitudinal direction (one per girder) and two in the transverse 

direction is shown in Fig. 5. Similarly, a possible seismic retrofit implementation scheme at the 

expansion joint with two BRBs in the longitudinal direction is shown in Fig. 6. The BRBs were 

designed using conventional sizes and capacities, similar to the one shown in Fig. 4, and were 

found to reduce the effects of pounding significantly. 

 
(a)                                                                (b) 

Fig. 1. SAP 2000 non-linear model of curved bridge: (a) overall bridge, (b) bridge bent. 

 

 
Fig. 2. Normalized pounding force and girder displacement at abutment 15 for Loma Prieta 

           earthquake. 



Table 1 – Maximum girder displacements at abutment 15 due to pounding 

Earthquake Kobe Landers Mammoth 

Lakes-08 

Chalfant 

Valley 

Kocaeli Loma 

Prieta 

Emeryville Northridge 

PGA (g) 0.821 0.780 0.531 0.399 0.349 0.273 0.259 0.205 

Girder  

Displ. (mm) 

282 207 197 217 184 214 200 204 

 

 
Fig. 3.  Relative distance between girders at expansion joint of bent 10 for Kobe Earthquake 

(pounding occurs when relative distance is 0) 

 

       
Fig. 4.  Hysteresis from testing of buckling-restrained brace at the University of Utah by the PI. 

 

   
Fig. 5. Side elevation (left) and arrangement of BRBs (right) at the abutment. 

 

   



 
Fig. 6. Plan (left) and side elevation (right) of expansion joint equipped with BRBs. 

 

However, numerical simulations have also shown that once the earthquake is over, there is a 

permanent BRB deformation at zero load as shown in Fig. 4. Thus, after the earthquake is over 

there will be a need to “restore” the girders to their original position both at the abutments and at 

the expansion joints. This residual drift resulting from the inelastic response of a bridge in a large 

earthquake can make it difficult, if not financially impossible, to repair after an earthquake. As a 

result, systems that dissipate energy, minimize structural damage, and return to their initial 

position (‘‘self-center’’) by a restoring force during a large earthquake are desirable. The present 

proposal describes the concept of self-centering BRBs and its application to both seismic retrofit 

of existing bridges, as well as seismic design of new bridges.  

 

Research Objectives: 

The objectives of this project are to: (1) use numerical simulation to analyze effective 

configurations for using self-centering BRBs in the retrofit of existing curved bridges for 

moderate to high seismic regions; (2) develop an analytical model which simplifies the design of 

curved bridges when self-centering BRBs are implemented for control of longitudinal and lateral 

seismic forces in new bridges. In addition, the repairability of the bridge columns will be 

investigated experimentally using a retrofit method developed for ABC connections.  

 

Research Methods: 

The proposed research will evaluate the seismic performance of curved bridges retrofitted with 

self-centering BRBs as energy dissipation elements. The research will be performed by 

conducting nonlinear analyses considering different configurations of BRBs. In addition, an 

analytical model will be developed including design recommendations for using self-centering 

BRBs in the design of new bridges for resisting earthquakes. The repairability of the bridge 

columns will be investigated using a retrofit method developed for ABC connections by 

performing experiments on column to cap beam and column to footing joints.  

 

Expected Outcomes: 

The proposed research will use analytical techniques to explore the implementation of self-

centering BRBs in the retrofit of curved girder bridges for resisting large earthquakes. Design 

recommendations for the application of self-centering BRBs in new bridges will be developed. 

The research will promote the use of self-centering BRBs in existing and new bridges. In addition, 

the repairability of bridge columns will be investigated experimentally using a retrofit method 

developed for ABC connections. 

 

 



Relevance to Strategic Goals: 

BRBs are primarily composed of structural steel. Structural steel produced in the United States 

contains 93.3% recycled steel scrap. At the end of a structure’s life, 98% of all structural steel is 

recycled back into new steel products with no loss of its physical properties. As such, structural 

steel is not just recycled but “multi-cycled,” as it can be recycled over and over again. 

Seismically resilient bridges improve safety and livability of the community. Self-centering 

BRBs will reduce bridge component failures thus improving livability through fast recovery after 

a large earthquake event. The State of Utah is implementing Accelerated Bridge Construction 

(ABC) practices for bridges extensively. Successful completion of the proposed project will 

ensure that there are methods to rehabilitate existing curved bridges for large earthquakes and 

build new seismically resilient bridges that are easily repairable.   
 

Educational Benefits: 

At least three university students will be involved in the project. One PhD student is involved in 

the experimental portion of the work funded through an existing project. A second PhD student, 

who will be funded from the proposed project, will accomplish the research objectives outlined 

in the present proposal. An undergraduate student will be hired to assist in the numerical 

simulations and experimental tasks proposed in this research through the University’s 

Undergraduate Research Opportunities Program. At the local level, the technology transfer 

activity will involve high school students through an Annual Exploring Engineering Camp, 

during which small-scale models will be built to show details of the BRBs and how they could 

be attached to bridges. In addition, the P.I. will make a presentation at the annual UDOT 

Engineering Conference and at other national conferences including Annual AASHTO 

Subcommittee on Bridges and Structures Meetings and the Annual Transportation Research 

Board Meeting.  

 

Work Plan: 

The proposed study will consist of the following four tasks:  

 

Task 1. Selection of Self-Centering BRBs for Retrofit of Existing Curved Bridges 

The concept of ''damage-tolerant design'' sacrifices special braces to leave the rest of the structure 

with little damage. Christopoulos et al. (2008) developed a self-centering energy dissipative brace 

(SCED) that uses two steel bracing members for compression, friction devices for energy 

dissipation, and one set of Post-Tensioned (PT) elements for the SC property. Cyclic loading tests 

of the SCED confirmed its stable energy dissipation and re-centering properties but a high elastic 

strain capacity of PT elements was needed to achieve the SC capability of the brace.  

Two self-centering BRB systems are considered in this proposal, which are representative of 

various systems: (a) shape memory alloy self-centering buckling-restrained braces or SC-

BRBs (Miller et al. 2012), and (b) dual-core self-centering brace with a flag-shaped re-

centering hysteretic response or DC-SCB (Chou et al. 2014).   

(1) SC-BRB 

A SC-BRB consists of a typical BRB component, which provides energy dissipation, and pre-

tensioned superelastic nickel–titanium (NiTi) shape memory alloy (SMA) rods, which provide 

self-centering and additional energy dissipation. The SMA rods are attached to the BRB portion 



of the brace using a set of concentric tubes and free-floating end-plates that cause the SMA rods 

to elongate when the brace is in both tension and compression. Large-scale SC-BRBs have 

already been designed, fabricated and tested using a cyclic protocol with successful results 

(Miller et al. 2012). A high-performance earthquake-resistant brace that uses the robust 

hysteretic yielding behavior of a BRB to provide energy dissipation and the superelasticity of 

pre-tensioned austenitic NiTi SMA rods to provide self-centering has been developed (Miller et 

al. 2012). The SMA rods accommodate large deformations without residual deformation and 

dissipate energy due to their characteristic flag-shaped hysteretic behavior. In addition, SC-BRBs 

can be easily implemented using current design and construction practices.  

 

Figure 7 shows the components of the SC-BRB: (1) the BRB core is a steel plate element that is 

continuous over the full length of the brace; the core plate is tapered so that there is a yielding 

region in the center of the brace; (2) the inner tube is unstressed and provides lateral buckling 

restraint for the BRB core. Concrete is placed between the inner tube and the steel core, with a 

bond break and a small gap provided between the core and concrete to allow for uninhibited 

axial movement of the steel core; (3) the middle tube is welded to the left end of the BRB core 

and remains fixed with respect to the left end bolted connection. This tube is part of the load 

transfer system that carries compression force when the brace is shortening; (4) the outer tube is 

welded to the right end of the BRB core and remains fixed with respect to the right end. This 

tube is part of the load transfer system that carries compression force when the brace is 

shortening; (5) anchorage plates at each end of the brace have cruciform shaped slots through 

which the BRB core passes. The anchorage plates are not connected to the BRB core or to the 

tubes, allowing them to slide freely along the BRB core; they anchor the prestressing force and 

transfer the force to the middle and outer tubes; (6) superelastic NiTi SMA rods are pre-

tensioned, clamping the anchorage plates against the middle and outer tubes to create an initial 

compression in these two tubes. Full length SMA rods are not required, so the SMA rods are 

coupled to high-strength steel threaded rods. Miller et al. (2012) reported that for the tested SC-

BRB configurations, the residual deformation after load removal was approximately half of the 

maximum brace deformation. The SC-BRB provides excellent energy dissipation and equivalent 

viscous damping.  

 

 
 

 

Figure 7. SC-BRB components (Miller et al. 2012). 

 

(2) DC-SCB 



Dual-core self-centering braces (DC-SCB) were developed to have a flag-shaped re-centering 

hysteretic response under cyclic loads (Chou et al. 2014). Axial deformation capacity of the 

brace is doubled by serial deformations of two sets of tensioning elements arranged in parallel. 

Testing of one DC-SCB was carried out to evaluate its cyclic performance (Chou et al. 2014).  

Figure 8 shows the DC-SCB, which consists of three sets of steel bracing members, two 

PT element sets, and energy dissipation devices. Three steel bracing member sets are designated 

as the first core, second core, and outer box; all members of the same length are positioned with 

spacers. Two end plates on each end of the DC-SCB are configured to interact with tensioning 

elements and bracing members. The inner end-plate moves freely with respect to the outer end- 

plate when a load is applied to the DC-SCB. An energy dissipative device, which is composed of 

a pair of back-to-back angles welded to the outer box and bolted to an inner plate extruded from 

the first core, is activated by the relative motion between these two bracing members. A brass 

shim plate is placed between all interfaces where friction is to be developed. Two sets of E-glass 

fiber reinforced polymer (FRP) tendons placed in the second core and outer box were post-

tensioned to compress bracing members against end-plates and anchored with nuts to the outer 

and inner end-plates. Neither the bracing members nor the end-plates are welded together. 

Tendons are elongated to provide re-centering properties when the DC-SCB deforms axially. All 

bracing members, end-plates, and tendons are designed to remain elastic and arranged so that a 

relative motion induced between the bracing members causes serial elongation of the inner and 

outer tendons to double the desired brace elongation or shortening. No buckling of all bracing 

members is allowed so that all the energy is dissipated by the external friction devices. 

 

 

 

 

 

 

 

 

Figure 8. Dual-core SCB (Chou et al. 2014). 

 

Designing BRBs involves determining structural displacements and the BRB material 

characteristics.  The two systems presented (SC-BRB) and DC SCB will be considered and their 

properties determined from experimental results will be incorporated in the nonlinear analytical 

models of the curves bridges to be analyzed for strong earthquakes.   

 

Task 2. Perform static pushover and time-history analyses to design self-centering BRBs for 

retrofitting curved bridges 

 

Pushover analyses are necessary for finding the optimal locations of the BRBs.  This can be 

obtained using static pushover analyses to determine the effectiveness of possible locations.   

The analyses will be carried out for curved bridges. One possible scheme for the location of 

BRBs at the abutments and expansion joints of curved bridges is shown in Figs. 5 and 6.  A 

particular nonlinear property of self-centering BRBs is their flag shape hysteresis, as shown in 

Fig. 9 (Chou et al. 2014). Nonlinear analyses will be carried out to investigate the effects of self-

centering. The time-history analyses will be carried out using the software OpenSees (2010) and 



LS-Dyna (2014). The BRB size and strain capacity, and the connections of self-centering BRBs 

to the abutments and expansion joints will also be modeled using appropriate boundary 

conditions. The boundary conditions can be modeled using linear or nonlinear springs/dampers. 

The results will indicate the required modifications for connections when BRBs are implemented 

in bridges. Satisfactory performance of these components is necessary to minimize residual drifts 

under strong earthquakes.   

 

Task 3. Develop analytical models for new bridges with self-centering BRBs 

 

In this task, analytical models will be developed to simplify the design of curved bridges when 

self-centering BRBs are implemented for control of longitudinal and lateral seismic forces in 

new bridges. A possible scheme for locating the self-centering BRBs in new bridges is shown in 

Fig. 10; other potential locations will also be analyzed. Nonlinear analyses will be carried out to 

investigate the effects of self-centering. The time-history analyses will be carried out using 

OpenSees (2010) and LS-Dyna (2014). The BRB size and strain capacity and the connections of 

self-centering BRBs to the columns and bent cap will be modeled using appropriate boundary 

conditions. The boundary conditions can be modeled using linear or nonlinear springs/dampers. 

The results will indicate the required modifications for connections when BRBs are implemented 

in new bridges. 

 

 
Fig. 9 Flag shape hysteresis of dual-core SCB (Chou et al. 2014). 

 

 
 

Figure 10. Potential location of self-centering BRBs at bridge pier. 

Task 4. Performance-based design of new bridges with self-centering BRBs and reparability  



 

Performance-based techniques for designing bridges are gaining popularity since they describe 

the displacements that the bridge can tolerate before failure in addition to the maximum forces. 

In addition, the design has to follow the AASHTO LRFD Seismic Bridge Provisions (2011). The 

BRB size and strain capacity and the connections of self-centering BRBs to the cap beam and the 

columns will be investigated. The merits of the proposed concept will be examined in terms of 

cost and performance compared to conventional designs. Moreover, the ease of repairing such 

systems after an earthquake will be examined. The issue of reparability after a large earthquake 

is gaining attention as an important consideration in the design of new bridges, including bridges 

built with Accelerated Bridge Construction (ABC) methods. Along these lines, two tests will be 

carried out for performing a retrofit of column-to-cap beam and column-to-footing monolithic 

bridge joints designed according to the AASHTO LRFD Seismic Bridge Provisions (2011). The 

two specimens are shown in Fig. 11 and were originally tested as part of research carried out to 

compare ABC bridge joints to monolithic joints (Ameli et al. 2014). The specimens had 

undergone drift ratios up to 10% with bars fracturing in both specimens. The seismic retrofit will 

be attempted as described in recent work (Parks et al. 2014). The results will be used in assessing 

the analytical retrofit of a bridge bent with self-centering BRBs as described in Fig. 10.  

 

   

    
Figure 11. Retrofit of monolithic RC joints: (a) column to footing, (b) column to cap beam.   

Project Cost: 

Total Project Costs:   $225,000  

(a) 

(b) 



MPC Funds Requested:  $100,000 

Matching Funds:  $ 125,000 (Including $65,000 in in-kind for test 10 specimens and 

attachments)  

Source of Matching Funds: Starseismic LLC and Private Investor  

 

 

 

TRB Keywords: Accelerated Bridge Construction; Bridges; Seismic Design; Seismic Retrofit; 

Damping Devices. 
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