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Preface

MCEER is a national center of excellence dedicated to the discovery and development 
of new knowledge, tools and technologies that equip communities to become more 
disaster resilient in the face of earthquakes and other extreme events. MCEER accom-
plishes this through a system of multidisciplinary, multi-hazard research, in tandem 
with complimentary education and outreach initiatives. 

Headquartered at the University at Buffalo, The State University of New York, MCEER 
was originally established by the National Science Foundation in 1986, as the fi rst Na-
tional Center for Earthquake Engineering Research (NCEER). In 1998, it became known 
as the Multidisciplinary Center for Earthquake Engineering Research (MCEER), from 
which the current name, MCEER, evolved.

Comprising a consortium of researchers and industry partners from numerous disci-
plines and institutions throughout the United States, MCEER’s mission has expanded 
from its original focus on earthquake engineering to one which addresses the technical 
and socio-economic impacts of a variety of hazards, both natural and man-made, on 
critical infrastructure, facilities, and society.

The Center derives support from several Federal agencies, including the National Sci-
ence Foundation, Federal Highway Administration (FHWA), and the Department of 
Homeland Security/Federal Emergency Management Agency, State of New York, other 
state governments, academic institutions, foreign governments and private industry. 

The Center’s Highway Project, primarily funded by the FHWA since 1992, focuses on 
the development of improved seismic design, evaluation, and retrofi t methodologies 
and strategies for new and existing bridges and other highway structures. Over the 
years, MCEER has produced a new seismic retrofi tting manual, consisting of two parts 
(bridges and other highway structures), as well as research products on the seismic ret-
rofi tting of truss bridges, seismic isolation manual and Risks from Earthquake Damage 
to Roadway System (REDARS). 

In 2007, MCEER was awarded a new contract, “Innovative Technologies and Their Ap-
plications to Enhance the Seismic Performance of Highway Bridges.” The major focus 
of the research program is on the development of detailed technology to apply acceler-
ated bridge construction (ABC) in seismic regions, and the development of innovative 
seismic protection technologies that can enhance the seismic performances of precast 
reinforced concrete bridges with an emphasis on ABC. 

This report describes an experimental and analytical study of a structural fuse concept where 
structural steel elements are added to a bridge bent to increase its strength and stiffness. The 
structural fuse is designed to sustain the seismic demand and dissipate seismic energy through 
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hysteretic behavior of the fuses while keeping the gravity-resisting structural elements of the 
bridge bent elastic. A parametric study is fi rst carried out to investigate the effect of adding 
structural fuses to a RC bridge bent. Second, an experimental program for two large-scale 
twin-column segmental bridge bent specimens in an accelerated bridge construction applica-
tion is developed to investigate the impact of the fuses on the behavior of the bridge system. The 
experimental work is followed by an analytical study to replicate the experimental results and 
to assess the adequacy of the design recommendations. Two types of structural fuses are used in 
this research: Buckling Restrained Braces (BRBs) for short length applications, and Steel Plate 
Shear Links (SPSLs) that are designed and detailed to dissipate energy through shear yielding. 
Both types of fuses resulted in increased stiffness and strength of the test system. 
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ABSTRACT 

In this research, a structural fuse concept is proposed in which structural steel elements are 

added to a bridge bent to increase its strength and stiffness, and also designed to sustain the 

seismic demand and dissipate all the seismic energy through hysteretic behavior of the fuses, 

while keeping the gravity-resisting structural elements of the bridge bent elastic.  

A parametric study to investigate the effect of adding structural fuses to a RC bridge bent is 

first conducted. Trends in behavior as a function of key parameters defining the proposed 

structural fuse system are presented, followed by a proposed systematic design procedure. 

Then, an experimental program is developed for two large-scale twin-column segmental 

bridge bent specimens in an accelerated bridge construction application, having a series of 

structural fuses between the columns, and subjected to quasi-static cyclic tests to investigate 

the effect of adding these fuses on the total behavior of the system compared to the bare bents 

behavior.  

The experimental work is then followed by analytical work to replicate the experimental 

results obtained and to assess the adequacy of the design recommendations as well as the 

effectiveness of adding structural fuses to bridge bents for seismic energy dissipation, 

providing an insight into the general behavior of the structural fuse system. 

Two types of structural fuses are used in this second phase of work and implemented in this 

research; one is a newly proposed Buckling Restrained Braces (BRBs) concept for short 

length applications. The other is a special Steel Plate Shear Link (SPSL), which is a steel 

plate restrained against lateral buckling and designed and detailed to dissipate energy through 

shear yielding. Equations are developed to determine some critical design parameters of the 

SPSLs.  

Uniaxial cyclic tests are then performed on the individual BRBs that have been used as 

structural fuses in the large specimens, as the axial force resisted by each individual BRB 

could not be measured during the bridge pier tests.  Also quasi-static cyclic testing is 

performed on individual SPSLs to investigate the behavior of these newly proposed links 

having different dimensions and lateral restraining conditions. 
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SECTION 1  
INTRODUCTION 

1.1 General 

Great strides have been made in earthquake engineering in the past decades with respect to 

the design of bridges to resist earthquakes. Nevertheless, most of the existing design 

procedures, while superior to what existed in the past, still to a large degree rely on detailing 

for ductile response structural elements that serve both purposes of providing lateral load 

resistance and providing the gravity load resisting systems. Although existing bridge design 

specifications aim to prevent total collapse of bridges, the damage to structural elements after 

an earthquake would often require temporary closure of the bridge for days or weeks to repair 

these elements, which in many cases are the bridge columns. Note that for a geographical 

area where all the bridges are designed to be in compliance to this design philosophy, it is 

conceivable that most of the bridges subjected to strong ground shaking in this area could be 

disabled after an earthquake. This could put an inordinate demand on the affected 

departments of transportation, as they would be required to simultaneously and rapidly repair 

multiple bridges – an expensive time consuming activity. 

This raises questions as to whether it might be possible to design conventional bridges per a 

different design philosophy; in such alternative design concepts, reparability would have to 

be done following an earthquake while keeping the bridges in service for gravity loads, and to 

preserve the lateral load resistance by being able to replace rapidly the damaged lateral load 

resisting structural elements.  While seismic isolation and mechanical damping are  relatively 

mature technologies that have been promoted as ways to achieve no damage during 

earthquakes, the focus of the work described here is to achieve the stated objectives with 

structural systems using steel and concrete whose long term durability and performance at 

various temperatures is well understood, and without the need to accommodate the large 

displacements required for isolation systems and maintenance requirements for mechanical 

damping systems.   

One design philosophy for which the stated objectives could be potentially achieved consists 

of introducing a disposable and replaceable structural element into the system that has 
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adequate strength to resist lateral loads and that can also work as a metallic-hysteretic energy 

dissipation device, designing the whole system to sustain the seismic demand while 

preserving the integrity of the gravity-resisting bridge components by keeping them elastic 

during an earthquake.  This design philosophy is known as the structural fuse concept.  

The structural fuse concept was investigated in building applications by a number of 

investigators in recent years; however it has not been investigated for bridge applications to 

the same degree, particularly for short- and medium-span bridges.  The concept is 

advantageous, as replacing fuse elements after an earthquake could be done without affecting 

the serviceability of the bridge being repaired.  To make this concept more appealing, it 

would also be desirable to implement it in structural systems that would also provide benefits 

in the perspective of accelerated bridge construction (ABC). The work presented in this 

research will also investigate how this could be done. 

Note that while structural fuses could be a useful concept for new bridges, it could also be 

useful for the seismic retrofit of existing bridges.  Recent earthquakes in the United States, 

Japan and several other countries have demonstrated the seismic vulnerability of bridges, 

particularly as typical bridge piers designed prior to the 1970’s where not designed to sustain 

plastic deformations for energy dissipation and were not detailed for ductile response.  Many 

of these non-ductile bridges still exist. Adding structural fuses to the columns of existing 

bridges could mitigate damage to those bridges by keeping the gravity supporting elements 

intact and concentrating the damage throughout the easily replaceable and disposable fuses. 

Therefore, possible retrofit scenarios were also investigated throughout this research as a 

secondary benefit for the structural fuses.  

1.2 Scope and Objectives 

In this research, a structural fuse concept is proposed in which structural steel elements are 

added to a bridge bent to increase its strength and stiffness, and also designed to sustain the 

seismic demand and dissipate all the seismic energy through hysteretic behavior of the fuses 

while keeping the gravity-resisting structural elements of the bridge bent elastic. In addition, 

using easily replaceable and specially detailed disposable ductile structural elements can help 

achieve a fast return of the bridge to service. To achieve these objectives: 
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First, a parametric study to investigate the effect of adding structural fuses to a RC bridge 

bent is conducted. Trends in behavior as a function of key parameters defining the proposed 

structural fuse system are presented, followed by a proposed systematic design procedure. 

Second, an experimental program is developed for two large-scale twin-column segmental 

bridge bent specimens in an accelerated bridge construction application, having a series of 

structural fuses between the columns, and subjected to quasi-static cyclic tests to investigate 

the effect of adding these fuses on the total behavior of the system compared to the bare bents 

behavior.  

The experimental work is then followed by analytical work to replicate the experimental 

results obtained and to assess the adequacy of the design recommendations as well as the 

effectiveness of adding structural fuses to bridge bents for seismic energy dissipation, 

providing an insight into the general behavior of the structural fuse system. 

Two types of structural fuses are used in this second phase of work and implemented in this 

research; one is a newly proposed Buckling Restrained Braces (BRBs) concept for short 

length applications. The other is a special Steel Plate Shear Link (SPSL), which is a steel 

plate restrained against lateral buckling and designed and detailed to dissipate energy through 

shear yielding. Equations are developed to determine some critical design parameters of the 

SPSLs.  

Uniaxial cyclic tests are then performed on the individual BRBs that have been used as 

structural fuses in the large specimens, as the axial force resisted by each individual BRB 

could not be measured during the bridge pier tests.  Also quasi-static cyclic testing is 

performed on individual SPSLs to investigate the behavior of these newly proposed links 

having different dimensions and lateral restraining conditions.  

1.3 Outline of Report 

Section 2 contains a brief overview of past experimental and analytical research related to the 

structural fuse concept as applied in building applications, as well as a summary of research 

conducted on buckling restrained braces. 
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Section 3 describes a parametric study for a prototype RC bridge bent retrofitted using BRBs 

to investigate trends in behavior as a function of key parameters defining the proposed 

structural fuse system, while using BRBs of different stiffnesses and strengths as the energy 

dissipating fuses. Nonlinear dynamic analyses validating the proposed static procedure are 

also presented, followed by a design example. Finally, a general retrofit procedure is 

presented, with emphasis on how to select suitable values for the various parameters to 

achieve a satisfactory structural fuse system.  

Section 4 describes an innovative Steel Plate Shear Link (SPSL) used as a structural fuse. 

Equations are developed to determine some critical design parameters of the SPSL, link 

ductility, lateral stiffness, and strength. Finally, a preliminary finite element model is then 

presented to verify the proposed SPSL concept. 

Section 5 describes the design and detailing of two large-scale twin-column segmental bridge 

bent specimens, having either Steel Plate Shear Links (SPSLs) or Buckling Restrained Braces 

(BRBs) as a series of structural fuses between the columns, and subjected to a series of quasi-

static cyclic tests. Coupon testing of the steel being used in the experiment as well as cylinder 

tests of the infill concrete is then presented. Finally the instrumentation layout is described. 

Section 6 describes the results and observations of the testing program. Testing of each 

specimen is described in detail, and observations made regarding the behavior of each 

specimen are given through the steps of the applied displacement protocol. Force versus 

displacement hysteretic curves, photos of specimens condition during and after testing, and 

related descriptions are then presented. 

Section 7 describes the analytical investigation conducted to replicate the experimental 

results, as finite element analyses were conducted to replicate the full range of results 

obtained from the experiments.  Finally all results are compared to highlight the difference in 

behavior between all tested specimens. 

Section 8 describes uniaxial tests conducted on the newly proposed short length BRB concept 

used in the bridge pier testing. Two BRB test series were conducted to investigate the effect 

of changing the cross section on the overall behavior. The BRBs assembly description is 

presented, followed by the testing setup, instrumentations, and loading protocol. Finally, the 
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testing observations are presented with hysteretic curves and photos of the specimen during 

and after testing.   

Section 9 describes design and detailing of SPSLs for quasi-static cyclic testing, the design of 

a setup to carry out the testing, and the instrumentation used to capture results. The loading 

protocol used and observations made during the quasi-static testing are then described. 

Specimen link shear versus total rotation hysteresis curves are then presented with photos and 

a description of observations made during the cyclic history for each SPSL being tested. 

Finite element models are then generated to replicate the observed hysteretic behavior of the 

SPSLs being tested, and provide insight into the general behavior of the SPSLs. 

Section 10 summarizes the work and presents conclusions for this research project, and some 

recommendations for future work. 
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SECTION 2  

LITERATURE REVIEW 

2.1 Introduction 

Many existing bridges, particularly those built before the mid-1970’s, are particularly 

vulnerable to strong ground motions as they do not meet current standards for earthquake 

resistant construction. In recent earthquakes in California, Japan, and Central and South 

America, bridges constructed in reinforced or prestressed concrete have collapsed or have 

been severely damaged when subjected to strong earthquakes. This poor performance can be 

attributed to the design philosophies adopted at the time of their construction in addition to a 

lack of attention to design details. In many seismic regions, California in particular, there was 

a great expansion of the freeway and highway systems in the 1950’s and 1960’s before 

modern bridge seismic design codes had been developed; as a result, now over 40% of the 

nation’s bridges are in need of repair or replacement.  

As mentioned in section 1, many design philosophies have been developed for the seismic 

design of bridges. Nevertheless, a lot of those design procedures rely on detailing the bridge 

columns and piers for ductile response, while these elements also serve as gravity load 

resisting systems. As a consequence, the damage to these elements after an earthquake would 

often require temporary closure of the bridge for repairs.  

To achieve a more stringent seismic performance for buildings and bridges, one alternative 

design approach that was proposed in the past aimed at concentrating damage in certain 

structural elements, while the main structure would be designed to remain elastic or with 

minor inelastic deformations following a damaging earthquake. This concept was further 

developed to make these elements disposable and easily replaced, in what was known 

thereafter as the structural fuse concept. A more detailed review on the development of the 

structural fuse concept and its state of the art is presented in section 2.2. 

Achieving the structural fuse concept requires introducing a dedicated lateral load resisting 

system that serves as a passive energy dissipation device to the system to improve its seismic 
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performance by dissipating most of the seismic induced energy. A fair number of devices can 

be used as passive energy dissipation systems; one type of particular contemporary interest is 

the Buckling Restrained Brace (BRB), which has been manufactured and marketed by a 

number of suppliers in North American, such as the Nippon Steel Corporation, Star Seismic, 

and Core Brace. BRB technology is fairly mature and has been widely investigated in recent 

decades. BRBs are becoming widely used in steel building in the United States, but there still 

has been only a few applications in concrete buildings and yet no applications in concrete 

bridges. Other passive energy dissipation devices also exist, such as the added damping and 

stiffness (ADAS) flexural beam damper (e.g. Steimer et al. 1981), and the steel yielding 

dampers (e.g. Kelly et al. 1972) to name a few, but they are beyond the scope of the current 

study.  

In this research two hysteretic energy devices are considered, as mentioned in section 1.  The 

first is the BRB, because it is a fairly mature technology with a well known behavior.  The 

second is a newly proposed device called a Steel Plate Shear Link (SPSL) and developed as 

part of this research project to explore an alternative design to dissipate the seismic energy 

using a configuration that could be esthetically pleasing to bridge owners such as departments 

of transportation. Section 2.3 will focus on reviewing the state of the art on BRBs. 

As mentioned in section 1, since there is an aspect of the application of the structural fuse 

concept in bridges that could be relevant for the retrofit of concrete bridges, a brief overview 

of the state of the art on the brittle behavior of concrete bridge columns is presented in 

section 2.4. Finally, a brief description of the coupled shear walls is presented in section 2.5 

to state the similarity between their behavior and the behavior of the bridge bent system with 

passive energy dissipation devices as structural fuses.  

2.2 The Structural Fuse Concept 

2.2.1 General 

In seismic design, loads resulting from an earthquake are reduced by a response modification 

factor, which allows the structure to undergo inelastic deformations while most of the energy 

is dissipated through hysteretic behavior. Designs have always (implicitly or explicitly) relied 

on this reduction in the design forces. However, this methodology relies on the ability of the 

structural elements to accommodate inelastic deformations, without compromising the 
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stability of the structure. Furthermore, inelastic behavior translates into some level of damage 

in these elements. This damage leads to permanent system deformations following an 

earthquake, leading to high cost for repair works, in the cases when repairs are possible. In 

fact, it is frequently the case following earthquakes that damage is so extensive that repairs 

are not viable, even though the structure has not collapsed, and that the building must be 

demolished. 

2.2.2 Development and Implementation of the Structural Fuse Concept in Buildings 

The structural “ductile” fuse concept has been mentioned often in the literature, going back at 

least as far as Roeder and Popov (1977) when they introduced the eccentrically braced frame 

concept to increase the hysteretic energy capacity of steel frames. In that work, the beam 

segment yielding in shear was called the link as well as the ductile fuse because of its energy 

dissipation capacity. While this system was considered to have a good seismic behavior due 

to its energy dissipation capacity, the concept of a disposable or removable element was not 

yet considered. Also beyond difficulties of link replacement, large plastic deformations of the 

link could cause significant damage to the floors and slabs. 

Many others, such as Fintel and Ghosh (1981) used the capacity design concept originally 

developed in New Zealand (Park and Paulay 1975) to design beams to be intentionally 

weaker members that yields by plastic hinging, to protect other members like columns from 

potential damage as they are considered more crucial members for the structure.  In moment 

resisting frames, the intent was for columns to remain elastic under seismic loading and 

energy was to be dissipated by plastic hinging of the beams which were considered structural 

fuses. However, as was the case with the work done by Roeder and Popov, these beams 

cannot be considered to be disposable elements.   

Wada et al. (1994) proposed the concept of “damage-controlled” or “damage tolerant” 

structures. The approach stated that the structure should have two separate components, the 

first being the main structure, which is composed of a moment frame designed to resist 80% 

of the lateral loads (Akira Wada, Tokyo Institute of Technology, personal communication to 

M. Bruneau, 2010). The second is a system of passive energy dissipation elements designed 

to resist loads resulting from strong ground motions. Due to the high cost to repair 

conventionally designed structures the idea of implementing disposable elements which are 

easy to replace and can dissipate energy became very attractive. 
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The damage controlled structures concept was further investigated and improved following 

the 1995 Northridge and 1995 Hyogoken-Nabu earthquakes by Conner et al. (1997), by 

stating that the effectiveness of the damage controlled structures proposed by Wada et al. 

(1994) depends on the energy dissipation capacity of the braces and the ability of the primary 

structure to remain elastic during a major seismic event, which would require very high 

strength material for the primary structure and very low strength material for the bracing 

system. Experimental studies were performed on typical structural panels for a set of steel 

structures with strength ranging up to 800MPa for the primary structure and as low as 100 

MPa for the braces. The study demonstrated that by adjusting the distribution of stiffness and 

hysteretic damping, it is possible to control the seismic response of a building. An optimal 

stiffness distribution was proposed and applied to a set of building cases, design guidelines 

for the magnitude and variation of the hysteretic damper properties throughout the height of 

the building were established and verified through numerical simulation. The study showed 

that the effective damping ratio of 5% can be obtained with a brace yield force distribution 

having a maximum value of 1~2% of the total building weight, and varying over the height in 

the same way as the stiffness. 

Further developments were proposed by Shimizu et al. (1998), Wada and Haung (1999), 

Haung et al. (2000). Wada and Haung (1995) implemented an approach based on balance of 

energy to design tall building structures having either hysteretic dampers or viscous dampers.  

A comprehensive study of damage controlled structures in Japan was presented by Wada et 

al. (2000). That paper presented some research work done on the development of the damage 

controlled structures concept and it’s potential to design new constructions and retrofit 

existing structures. A dynamic analysis method was proposed for three dimensional frames 

with elements used to develop the structural fuse concept. Experimental studies were 

performed on a number of moment resisting frames with and without Buckling Restrained 

Braces working as a structural fuse. The experiments was used to validate the concept of 

damage controlled structures as the Buckling Restrained Braces were used to dissipate energy 

through hysteretic behavior, protecting beams and columns from yielding, thus ensuring that 

the primary structure remains elastic. 

Vargas and Bruneau (2009) studied the implementation of the structural fuse concept using 

metallic dampers to improve the structural behavior of systems under seismic loads. A 
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detailed design process was presented, as well as the modifications necessary to the process 

for retrofitting applications. The structural fuse concept was described in this study in a 

parametric formulation, considering the behavior of nonlinear single degree of freedom 

(SDOF) systems subjected to synthetic ground motions. Nonlinear dynamic response was 

presented in dimensionless charts normalized with respect to key parameters. Allowable story 

drift was introduced as an upper bound limit to the charts, which produces ranges of 

admissible solutions. A generic retrofit case study was also presented to illustrate the benefits 

of adding metallic fuse elements to an existing frame. A comparative analysis was made 

between a bare frame (i.e., without metallic dampers), and the same frame retrofitted using 

metallic fuse elements, to improve the behavior of the existing structure. In the process of 

attempting to implement the structural fuse concept into actual designs. A systematic design 

procedure was proposed for designing and retrofitting purposes. Figure 2-1 shows a 

comparison between the energy dissipated by the bare frame and the frame with the structural 

fuse, figure 2-2 shows regions of admissible solutions in terms of frame ductility and story 

drifts. 

 

FIGURE 2-1 Comparison between the Energy Dissipated by the Bare Frame and the 

Frame with the Structural Fuse (Vargas and Bruneau 2009) 
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FIGURE 2-2 Admissible Solutions Regions in Terms of Frame Ductility and Story 

Drifts (Vargas and Bruneau 2009) 

 

2.2.3 Implementation of the Structural Fuse Concept in Bridges 

The structural fuse concept has not been implemented in bridges as extensively as in 

buildings. The only application that is known to date is the new design of the San Francisco-
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Oakland bay bridge self-anchored suspension span, that in intended to replace the east span 

on the bridge.    

The main tower structural system shown in figure 2-3 consists of four closely spaced 

reinforced concrete columns connected by a series of steel shear links. Each column is made 

up of a hollow, semi-elliptical cross section with an interior steel liner that tapers from the 

tower head to the base. The links and concrete tower shafts form a transverse structural frame 

system with a greater number of redundant ductile elements than a traditional portal system. 

The shear links are designed to be damaged in the Safety Evaluation Earthquake (SEE) event, 

dissipating all the seismic energy, and at the same time limiting the damage of the tower 

shafts. The stiffness of the concrete columns and shear links are tuned such that shear link 

ductility demand increases progressively, while maintaining almost elastic action in the 

concrete elements throughout the SSE event.  

 

FIGURE 2-3 Bay Bridge Tower with Shear Links 

Goodyear and Sun (2003) presented the preliminary design process for the state-of-the-art 

single-tower, cable-stayed solution for the San Francisco-Oakland Bay Bridge East Span 

replacement project. The lateral displacement ductility demand was established through non-

linear analysis using the program ADINA, and the capacity of the tower was established by 

nonlinear pushover analysis. Comparison pushover curves of the tower with and without the 

links are presented in figure 2-4. The pushover curve of the tower without the links showed 
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first yield of the concrete portal frame at less than 0.5 meter drift, which would require post-

earthquake repair to the structure at approximately 1/2 the demand displacement for the SEE. 

The pushover curve of the tower with shear links showed no inelastic demand in the concrete 

tower elements until well beyond the SEE demand displacement. All inelastic demand for the 

single tower was confined to the steel links. Dimensions of the shear links are shown in 

figure 2-5. 

 
                                    (a)                                                                       (b) 

FIGURE 2-4 Pushover Curves for the Tower; (a) With Shear Links, (b) Without Shear 

Links (Goodyear and Sun 2003) 

 

FIGURE 2-5 Shear Link Dimensions (Goodyear and Sun 2003)  
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2.3 Buckling Restrained Braces (BRB) as Passive Energy Dissipation 

Devices 

2.3.1 General 

A Buckling Restrained Brace (BRB), a.k.a. an Unbonded Brace, is a steel element that offers 

strength and energy dissipation while at the same time exhibiting well-distributed yielding in 

the buckling-restrained brace. Most commercially available BRBs consist of a steel core 

encased in a steel tube filled with concrete (although other concepts have also been developed 

and experimentally validated to achieve the same behavior). For the sake of this research, a 

brief overview on the work that has been developed for the BRB will be presented. A more 

detailed description of the mechanics of the BRBs with fully detailed design examples are 

presented in López and Sabelli (2004).  

In this section, a brief description of the mechanics of the BRB is presented in section 2.3.2, 

and a summary of much of the early development of the BRB and the state of the art with 

respect to research and project validation testing is presented in sections 2.3.3 and 2.3.4, 

respectively. Some existing application of BRB to real building retrofit projects are then 

presented in section 2.3.5, followed by some seismic retrofit proposals for existing buildings 

using BRBs in section 2.3.6. Finally, as stated before, some applications of BRBs have been 

done developed for bridges; these are presented in section 2.3.7.  

2.3.2 Mechanism of Buckling Restrained Braces 

The basic principle in the construction of a BRB (Unbonded Brace) is to prevent Euler 

buckling of the steel core by encasing it over its length.  This could be done in many ways; 

one such approach is to encase the steel core in a steel tube filled with concrete or mortar. 

The term “Unbonded Brace” derives from the need to provide a slip surface or unbonding 

layer between the steel core and the surrounding material, such that axial loads are only 

carried by the steel core. The materials and geometry in this slip layer should be designed to 

allow relative movement between the steel element and the concrete due to shearing and 

Poisson’s effect, while at the same time preventing local buckling of the steel as it yields in 

compression. The concrete and steel tube encasement should provide sufficient flexural 

strength and stiffness to prevent global buckling of the brace, allowing the core to undergo 
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fully-reversed axial yield cycles without loss of stiffness or strength. The concrete and steel 

tube also helps to resist local buckling. Figure 2-6 shows a schematic mechanism of the BRB.  

 

FIGURE 2-6 Schematic Mechanism of the Unbonded Brace (Clark et al. 2000)  

2.3.3 Research Validation Testing 

A variety of BRBs having various materials and geometries have been proposed and studied 

extensively over the last decade. A summary of much of the early development of unbonded 

braces which use a steel core inside a concrete filled steel tube is provided in Watanabe, et 

al., 1988.  Since the 1995 Kobe Earthquake, these elements have been used in numerous 

major structures in Japan (e.g., Reina, and Normile, 1997). 

Watanabe et al. (1988), Wada et al. (1989) and Watanabe et al. (1992) studied the effect of 

the outer tube confinement on the performance of the BRB. Series of tests have been 

performed with identical inner steel cores. The outer buckling strength pe varied such that the 

ratio e

y

p
p

  ranged from 3.5 to 0.55 (where py is the steel core’s yield portion).  It was observed 

that the ratio e

y

p
p

>1.5 resulted in a stable hysteretic behavior. 

The first BRB tests in the United States were apparently conducted in 1999 (Aiken et al. 

2000) for a project that is claimed to be the first building in the U.S. to use BRBs. Uniaxial 

component testing have been performed on three different brace sizes with capacities ranging 

from 1,217 kN to 2,155 kN.  



17 

Another set of tests were conducted for representative braces designed for a new hospital 

constructed in the San Francisco Bay Area (Ko et al. 2002). Two identical braces with a 

capacity of 2,033 kN were tested in that case.  

Hasegawa et al. (1999) performed shake table testing on a BRB using the 1995 Kobe record 

and the 1940 El-Centro record. Stable hysteretic behavior was reported during the tests and 

the brace was subjected to a maximum axial strain of 7.2% 

Clark et al. (2000) performed a series of large-scale tests on BRBs having yield forces of 

1200, 1600, and 2100 kN. The BRBs were subjected to a cyclic loading protocol consistent 

with that used for testing steel beam-to-column connections. Additional tests studied the 

behavior of the BRBs under a near-field loading history, a displacement time history derived 

from a seismic analysis of an idealized 5-story building, and a low-cycle fatigue test. The 

BRBs exhibited stable cycle behavior with no degradation of strength or stiffness for all of 

the loading cycles up to failure, with a fracture failure of the core plate occurring inside the 

confining tube.  The BRBs forces in compression was found to be slightly higher than that in 

tension; the difference between the peak tension load and the peak compression load ranged 

between 7.3 and 9.5 percent for the three specimens. Figure 2-7 shows the force vs. 

displacement curve of one of the BRBs being tested during basic loading history; figure 2-8 

shows the hysteretic behavior of the same BRB during the low cycle fatigue test. 

 

FIGURE 2-7 Force-Displacement Behavior of Brace Specimen T-2 during Basic 

Loading History (Clark et al. 2000) 
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FIGURE 2-8 Hysteretic Behavior of Brace Specimen T-2 during Low Cycle Fatigue 

Tests (Clark et al. 2000) 

For the sake of considering various possible BRB concepts, Iwata et al. (2000) performed 

tests on four types of specimens; three of them had a cross section composed of a plate of 

dimensions 16mm x167mm, while the fourth had a cross section composed of a built-up W 

section with dimensions 136mmx136mmx9mmx6mm. All core plates where designed to 

have the same cross area. Yield stress measured during the tests where 262.6 MPa for 

specimens 1, 2 and 3 and 289.1 MPa for specimen 4. The core plate of the first specimen was 

restrained by a rectangular hollow section filled with mortar; a soft rubber sheet was used for 

unbonding of the core plate to the mortar. The second specimen was the same as the first but 

without the rubber sheet and mortar. The core plate of the third was covered by joining 

together 2 channels and 2 plates with high strength bolts with an unbounded rubber sheet 

provided between the core and the restraining parts. The core plate of the fourth specimen 

was a built-up wide flange beam covered by a rectangular hollow section with no mortar in 

between. Figure 2-9 shows the cross sections of the 4 specimens. Stable hysteresis was 

observed up to a 1.0% strain in all specimens except for the second specimen in which a 

slight drop in strength started to occur. Specimens 2 and 4, having no unbounded material, 

fractured in tension as a result of cyclic degradation due low cycle fatigue precipitated by 

cyclic local buckling. Figure 2-10 shows the hysteretic behavior of all 4 specimens.  
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FIGURE 2-9 Experimentally Tested Cross Sections of the Unbonded Braces (Iwata et 

al. 2000)  

 

       

FIGURE 2-10 Hysteretic Behavior of Tested Unbonded Braces (Iwata et al. 2000) 

2.3.4 Project Validation Testing 

Black et al. (2004) tested the axial behavior of BRBs for a large retrofit project. Five 

specimens were tested with properties of existing braces implemented in two seismic retrofit 
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projects in California. Each specimen had core lengths of approximately 3400mm and yield 

strengths ranging between 1217kN and 2155kN. Testing protocols consisted of two phases. 

First, the BRBs were subjected to an OSHPD loading protocol followed by additional tests 

which included large deformation, low cycle fatigue tests and simulated earthquake 

displacement tests. Ductile and stable hysteretic behavior was observed by the tested BRBs. 

The BRBs behaviors were modeled using a Bouc-Wen model (Wen 1976). 

Lopez et al. (2002) presented a series of tests that were carried out in support of a new 

laboratory building. In these tests, the braces were tested in a subassembly to confirm the 

behavior of the BRB under frame loading conditions. This study focused on the behavior of 

the braces under frame-induced axial and rotational deformations, the appropriateness of 

assuming brace performance for frame conditions as determined from uniaxial component 

tests, and also the behavior of connections under frame lateral deformations. The 

subassembly tests demonstrated good hysteretic behavior of the BRBs. Their hysteretic and 

elongation behavior were proven not to be influenced by the combined axial and flexural 

demands associated with loading in a frame configuration.  

2.3.5 Applications of Buckling Restrained Braces in RC Buildings 

2.3.5.1 General 

BRBS are well established in Japan, and have been used in more than 250 buildings there. 

Since 1999, they have also been implemented in the U.S.  By 2010, there were apparently 

over 30 buildings in the United States, new or retrofitted, that were constructed with BRBs, 

with at least four implementations in reinforced concrete buildings. These four known 

implementations are reviewed below.  However, the seismic performance of the details used 

to connect the BRBs to the RC frames has not been investigated experimentally. 

 

2.3.5.2 Martin County Hall of Justice 

The Martin County Civic Center is located in San Rafael California. It is a long and narrow 

building with dimensions of approximately 880 ft. long and 110 ft. wide. The original lateral 

load resisting system was comprised of concrete diaphragms, collectors and shear walls. 

Several deficiencies were discovered during a seismic vulnerability assessment; in particular, 

in the transverse direction, the stairs and elevator walls were found to be insufficiently 
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reinforced to carry the seismic force demand. It was also found out that without retrofit, the 

diaphragm and the collectors would not be able to transfer seismic forces to the existing 

lateral resisting elements due to weak connections.  In general, the existing lateral-load 

resisting elements were too weak to resist the seismic demands. 

Shaw et al. (2000) presented the BRBs and shear walls concept that was chosen as a retrofit 

scheme for this historic building: thirteen locations were chosen for the lateral resisting 

elements (BRBs and shear walls) in the transverse direction, and nine locations in the 

longitudinal direction. Figure 2-11 shows a section in the building with the new BRBs and 

shear walls; figure 2-12 shows the BRB’s connection detail used.  

 

FIGURE 2-11 Martin County Hall of Justice Building Cross Section with Buckling 

Restrained Braces and Shear Walls (Shaw et al. 2000) 
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FIGURE 2-12 Buckling Restrained Brace Connection Detail Used in Martin County 

Hall of Justice (Shaw et al. 2000) 

 

2.3.5.3 Wallace F. Bennett Federal Building 

The Wallace F. Bennett Federal Building is located in downtown Salt Lake City, Utah. This 

is an 8-story; 300,000 sq. ft. office building that was constructed in the early 1960s. The 

reinforced concrete structure is constructed of eight-inch thick two-way flat plate floors, 

spirally-reinforced rectangular columns and pile foundations. It was well designed and 

constructed for its time, and has been carefully maintained over its life. Nonetheless, the 

Bennett Building lacked the many advances in seismic resistant design that have been 

incorporated into building codes since the time of its design and construction, and would not 

have been capable of resisting the large magnitude earthquake that the nearby Wasatch Fault 

is capable of generating. 

Aiken et al. (2001) presented the structural steel framework that was constructed to 

interconnect the diagonal braces to form the seismic lateral force resisting system for the 

upgraded building. This framework was constructed of vertical and horizontal steel wide-

flange members attached to the exterior of the building. The structural steel framework, to 

which the BRBs connect, was designed to remain safely below the yield stress level for the 

maximum forces deliverable by the BRBs, thus ensuring that yielding will be limited to the 

braces and not occur in the structural steel framework. Because the “damage tolerant” BRB 

system has predictable and ductile behavior with a large capacity for plastic deformation in 
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both tension and compression, large amounts of seismic energy can be absorbed by the 

structure. This is important, because, although the building may sustain significant damage 

during an earthquake, it is expected to remain stable and capable of withstanding large 

aftershocks or possibly additional earthquakes without collapse, figure 2-13 shows a 

photograph of the building prior to rehabilitation and an architectural rendering of the 

upgraded building. Figure 2-14 shows two brace connection details assembled in the 

upgraded building.  

 

FIGURE 2-13 Wallace F. Bennett Building Prior and Post Rehabilitation (Aiken et al. 

2001) 

 

FIGURE 2-14 Buckling Restrained Braces Connection Details used in Wallace F. 

Bennett Building (Aiken et al. 2001) 
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2.3.5.4 Hildebrand Hall University of California, Berkeley, California  

Morgan et al. (2004) presented the rehabilitation of the Hildebrand Hall with BRBs. This 

laboratory building was constructed in 1963 and is composed of a three-story tower structure 

atop an expanded two-story basement, and has overall plan dimensions of approximately 172 

ft by 215 ft. Story heights are 15 ft and 17 ft for the first two basement levels, 18 ft for the 

first level, and 12 ft for the upper two levels. The building is shown in figure 2-15 prior and 

post rehabilitation. The tower structure roof and floor framing systems are post-tensioned 

lightweight concrete slabs supported directly on concrete columns and bearing walls. There 

are no beams, column capitals, or drop panels beneath the slab. The lateral force resisting 

system is composed of the floor slabs, which act as diaphragms, and transfer loads to the stair 

and elevator core concrete walls, and four large concrete box columns located at the corners 

of the structure. The walls are typically 10 in. thick and act as shear walls, transferring lateral 

forces down the structure to their foundations. The columns and slabs were not detailed to act 

in frame-action, and therefore provided negligible lateral strength. The retrofit scheme chosen 

included BRBF at the north and south ends of the building. The frames were detailed such 

that the columns do not pass through the slabs so as not to disrupt the existing post-tensioning 

tendons. The existing concrete box columns adjacent to the steel braces were thickened to 

provide the frames with continuous chord action for seismic overturning considerations. The 

capacity curve for the braced frame direction is shown in figure 2-16.  

     

FIGURE 2-15 Hildebrand Hall University of California Prior and Post Rehabilitation 

(Morgan et al. 2004)   



25 

 

FIGURE 2-16 Capacity Curve for the Braced Frame Direction (Morgan et al. 2004)  

2.3.5.5 Connections of BRBs to Concrete Columns 

It appears in reviewing the literature that BRBs were generally not directly connected to RC 

columns.  In fact, all the implementation examples described above used a secondary steel 

framing system itself attached to the RC frame or columns. However, evidence exists 

showing that conventional steel braces can be connected directly to RC columns, as shown 

for example in figure 2-17. Therefore, this suggests that BRB’s gussets could also be 

modified to be directly connected to RC columns.  However, experimental research 

investigating the performance of steel braces connected to RC columns could not be found. 

 

FIGURE 2-17 Conventional Steel Braces Directly Connected to RC Columns (Professor 

Tena-Colunga, Universidad Autonoma Metropolitana, Mexico City, personal 

communications, 2008) 
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2.3.6 Seismic Retrofit Proposals for RC buildings 

This section focuses on a few reported instances for which BRB were proposed to be used for 

the retrofit of RC buildings, not knowing at the time of this writing if these were actually 

implemented.  

2.3.6.1 Webb Tower in University of Southern California in Los Angeles 

Islam et al. (2006) presented the retrofit of the existing 14-story residential structure that was 

constructed in 1972 using lightweight concrete and has a rectangular floor plate with plan 

dimensions of approximately 75 ft x 105 ft. The gravity system of the building consists of a 

post tensioned concrete flat slab supported by rectangular concrete columns. The existing 

lateral system of the building consists of perimeter post-tensioned concrete moment frames 

with non-ductile detailing of the beams and columns. Several seismic deficiencies were 

discovered in the building including non-ductile detailing, excessive building deflection and 

joint shear overstress. The retrofit scheme developed used a single bay of BRBs having a 

design axial capacity of between 230 kips and 700 kips in combination with a reinforced 

concrete beam column frame on each side of the building. Figure 2-18 shows interstory drift 

demand in the east-west direction prior and post retrofitting; figure 2-19 shows the maximum 

beam plastic rotation demands in east-west direction prior and post retrofitting. Figure 2-20 

shows a photograph of the existing building and an architectural rendering of the building 

with the proposed retrofit scheme.  

 

FIGURE 2-18 Interstory Drift Demand in East-West Direction for EQ- III Prior and 

Post Retrofitting for the Webb Tower (Islam et al. 2006) 
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FIGURE 2-19 Maximum Beam Plastic Rotation Demand in East-West Direction for 

EQ- III Prior and Post Retrofitting for the Webb Tower (Islam et al. 2006) 

 

FIGURE 2-20 Webb Tower in University of Southern California Prior and Post 

Rehabilitation (Islam et al. 2006) 
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2.3.6.2 RC Building in Avellino South of Italy 

Di Sarno et al. (2007) proposed a seismic retrofit scheme using BRBs for a RC building 

located in Avellino in the south of Italy. The building was designed in the 1970’s using only 

gravity loads. The lateral resisting system consists of a multi-storey RC frame with deep 

beams. Figure 2-21 shows a photograph of the existing building. BRBs were chosen to be 

installed along the perimeter of the structure to minimize the interruption of the building 

functionality and occupancy, as shown in Figure 2-22. Elastic static and dynamic (response 

spectrum) analyses were carried out with respect to the national and European standards for 

earthquake resistant structures. Capacity curves and nonlinear response history analyses were 

also carried out to assess the actual strength and ductility of the sample structures. A suite of 

seven natural spectrum-compatible records were selected to perform the nonlinear time-

history analyses and to compute the mean values of the response parameters, either force-

based or deformation-based. The response curves of the existing and retrofitted building are 

provided in figure 2-23.    

 

FIGURE 2-21 Existing RC Building in Avellino South of Italy (Di Sarno et al. 2007) 
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FIGURE 2-22 Proposed Layout of Buckling Restrained Bracing in the Avellino 

Building (Di Sarno et al. 2007) 
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FIGURE 2-23 Response Curves for the Existing and Retrofitted Building in Avellino 

Italy (Di Sarno et al. 2007) 

2.3.7 Implementation of Buckling Restrained Braces in Bridges 

Implementations of BRBs in bridges have been recently contemplated; a few researchers 

have investigated the addition of BRBs to bridges to improve their seismic performance. 

Examples of these implementations are shown below.  

Carden et al. (2006) studied the behavior of ductile end cross frames with BRBs in an 18 m 

long single span model of a two-girder bridge scaled down from a prototype by a factor of 

0.4. The BRBs used Japanese LYP-225 steel with specified expected yield strength of 225 

MPa. Each BRB had a core cross sectional area of 25 mm x 16 mm. The geometry of the end 
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region and connection details is shown in figure 2-24. Experiments were performed on four 

BRBs identical to those used in the bridge model to determine their axial properties when 

subject to cyclic axial loads. Bolted connections were used to attach the BRBs to the grips of 

the load frame. The BRBs were subjected to different loading histories, including increasing 

amplitude, decreasing amplitude, reversed static, and dynamic loading.  

Two cases were studied; first the BRBs were designed with a single bolt connection to 

provide an ideal pin-ended connection and then welded to provide a moment resisting, fixed-

end connection as significant flexural actions in the braces were expected due to the fact that 

braces in the bridge model were relatively short compared to those used in building 

applications. The BRBs were designed with slip critical connections to provide optimal 

hysteretic behavior and prevent any negative effects from slippage of the connections on the 

cumulative plastic capacity of the brace. The bridge model with a BRB in the cross frame at 

each end was subjected to increasing amplitudes of transverse excitation using the 1940 El-

Centro earthquake ground motion, scaled from 0.25 to 2.0 times the recorded level. For the 

pin ended connection model, figure 2-25 shows the transverse shear force plotted against the 

displacement of the deck slab, relative to the transverse bearing displacement adjacent to the 

bottom of the brace, at each end. Slight pinching was observed in the hysteretic loops due to 

slippage in the connections. For the fixed ended connection model, figure 2-26 shows the 

transverse bearing force displacement curve adjacent to the bottom of the brace, at each end. 

It was observed that the maximum force at the ends of the bridge increased while the overall 

displacements at the ends remained similar.  

The axial deformations measured across the deformable length of the brace increased to 

about 60% of the expected maximum axial brace deformation based on the maximum 

horizontal end displacement. Therefore around 40% of the deformation is attributed to 

deformations outside the core of the brace, including relative displacements between the deck 

slab and the girders and deformations in the connections. Thus the efficiency of the braces 

was increased by prevention of slippage in the brace connections. 
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FIGURE 2-24 End Region Connection Detail (Carden et al. 2006) 

 

FIGURE 2-25 Transverse Shear Force Displacement Curves of the Deck Slab (Carden 

et al. 2006) 

 

FIGURE 2-26 Transverse Bearing Force Displacement Curves of the Deck Slab 

(Carden et al. 2006) 
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Usami et al. (2005) studied the implementation of BRBs on steel arch bridges for seismic 

upgrading; the cross section of the BRB used is shown in figure 2-27. Experiments were 

performed using the experimental set-up is shown in figure 2-28. Deformations showing 

small amplitude of local buckling with a higher mode shape along the length of the steel plate 

were observed when taken out of the specimen after testing, as shown in figure 2-29. The 

BRB showed stable hysteretic behavior, as shown in figure 2-30.  

The studied steel arch bridge was composed of reinforced concrete deck slab, steel girders 

and arch ribs as shown in figure 2-31  Cross-sections and dimensions of the bridge members 

are shown in figure 2-32. Nonlinear time-history analysis of the bridge showed that its 

seismic performance in the transverse direction was not sufficient. Retrofit to improve 

seismic response in the transverse direction considered replacing some lateral members and 

diagonals by BRBs; the two schemes shown in figure 2-33 were considered. In figure 

2-33(a), lateral braces of the piers were replaced to reduce the strain demand in the side piers. 

In figure 2-33(b), in addition to BRB members installed in the side pier part, a total of twelve 

diagonals near two arch rib bases were replaced by BRBs. Nonlinear analysis of the two 

upgraded models predicted a maximum transverse displacement of the original bridge of 

about 50 cm, while the two upgraded bridges scenarios showed larger displacement demand 

of about 60 cm.  Vertical displacements were almost similar in all cases. The transverse and 

vertical displacement demands at the mid-point of the steel girder are shown in figure 2-34. 

 

FIGURE 2-27 Experimentally Tested Cross Sections of the Unbounded Braces 

(Usami et al. 2005) 
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FIGURE 2-28 Experimental Set-Up for Buckling Restrained Bracing Tested by 

(Usami et al. 2005) 

 

FIGURE 2-29 Higher Mode Shape Deformation of the Tested Specimen (Usami et al. 

2005) 

 

FIGURE 2-30 Hysteretic Behavior of the Tested Specimen (Usami et al. 2005) 
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FIGURE 2-31 Layout of the Studied Arch Bridge (Usami et al. 2005) 

 

FIGURE 2-32 Cross Sections and Dimensions of the Main Members of the Arch (Usami 

et al. 2005)  
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FIGURE 2-33 Locations of Buckling Restrained Braces for the two Retrofit Proposals 

(Usami et al. 2005) 

 

FIGURE 2-34 Transverse and Vertical Displacement Demands at the Mid-Point of the 

Steel Girder (Usami et al. 2005) 

(a) Original Model, (b) First Upgrade, (c) Second Upgrade 
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Gray et al. (2006) proposed retrofitting the Alaskan Way Viaduct with a shoring system 

comprised of auxiliary structural steel frames and dampers. The Alaskan Way Viaduct is a 

2.2 mile long double-decked, reinforced concrete viaduct carrying State Route 99 along the 

shoreline of Elliot Bay and past downtown Seattle. The viaduct consists of independent 

structural units comprising three bays each. The unit consists of four transverse frames that 

support longitudinal edge girders and stringers on two levels. Transverse sub-floor beams 

connect the girders and the stringers on each level. Several structural deficiencies were found 

including inadequate flexural capacity of the longitudinal reinforcement of the columns, 

inadequate lap splices, and joints were found to be vulnerable to degradation from high 

diagonal tensile stresses. Inadequate confining reinforcement in the columns was also 

observed. The seismic retrofit scheme proposed included two longitudinal structural steel 

frames and two transverse structural steel frames per three-bay unit of the structure. Steel 

jackets around the bases of the columns were also proposed to prevent degradation of the 

splices of the main column reinforcing bars located immediately above the footings. BRBs 

between adjacent units of the viaduct were also proposed to minimize pounding between 

them during an earthquake. Pushover analysis was performed verified by a nonlinear time 

history analysis to evaluate the response of the existing and retrofitted bridge. Figure 2-35 

shows a rendering of the bridge with the proposed retrofit scheme. 

 

FIGURE 2-35 Render of the Retrofit Scheme (Gray et al. 2006) 
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2.4 Seismic Vulnerability in Reinforced Concrete Bridges 

The problems of non-ductile concrete structures is well knows and have been summarized by 

Park and Paulay (1975), Xiao et al. (1986), Ang. et al. (1989), Watanabe and Ichinose (1992), 

Wong et al. (1993), Buckle et al. (1994), and many other researchers. An overview of some 

of the factors responsible for seismically-induced damage to bridges is summarized by 

Priestley et al. (1996). Among those, many are beyond the scope of this study, such as 

underestimated seismic displacements (as a consequence of using elastic analysis or for other 

reasons) that can lead to span failure due to unseating at movement joints, or such as 

abutment slumping related to soft soils and consolidated abutment fill.  Of interest here are 

column failures which may result from a number of deficiencies.  Some of these deficiencies 

are reviewed below, as they must be appreciated if the structural fuse philosophy is to be 

implemented in otherwise non-ductile concrete bridges.  

2.4.1 Flexural Strength and Deformation Capacity 

In the past, prior to the enactment of ductile detailing in bridge specifications, column 

longitudinal reinforcement has often been lap spliced immediately above the foundation, with 

a splice length inadequate to develop the flexural strength of the column.  Furthermore, 

because termination of the column longitudinal reinforcement was based on the design 

moment envelope obtained from by elastic analysis, without accounting for the effect of 

tension shift due to diagonal shear cracking, bridge columns could develop unintended 

flexural hinges at mid-height during a severe earthquake.  

Research has been conducted by Priestley et al. (1996) and limit state parameters for the 

flexural strength of RC columns were defined as shown in figure 2-36 . Some key parameters 

required for the seismic assessment are labeled on that figure, and are described below.  
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FIGURE 2-36 Definition of Limit State Parameters and Idealized Moment-Curvature 

Response (Priestley et al. 1996)  

The parameters shown in the figure where defined as:  
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where  φy is the Idealized yield curvature, φy
’ is the curvature at first yield, φs is the curvature 

at first yield of the steel bars, φDC is the damage curvature, D is the column diameter, and Icr 

is the cracked moment of inertia of the column. 

Flexural Strength of RC columns has been also studied by various researchers.  In particular, 

a commonly used plastic hinge method was proposed by Priestley and Park (1987) to identify 
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the flexural strength of RC columns. Figure 2-37 shows a typical RC column ductility 

(flexural) capacity. 

 

FIGURE 2-37 Ideal RC Column Ductility Capacity Curve (Priestley and Park 1987)  

The idealized yield displacement could be calculated as: 
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where: yφ = Yield Curvature at column base; yM = Yield moment; crI =Cracked moment of 

inertia and usually a value ranging from 0.5-0.75 Ig;  L= Distance from point of maximum 

moment to point of contra-flexure; C=Factor to take into account the additional displacement 

due to foundation. 

The maximum (damage) displacement can be calculated as: 
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where: max
c

c
εφ =    or  max '

s
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εφ =
−

 whichever is less 

and cε and sε are the damage limit state strains for concrete and steel respectively.  

Figure 2-38 shows the CALTRANS specifications for column local displacement capacity for 

cantilever and fixed columns. 

 

 

FIGURE 2-38 Local Displacement Capacity for Cantilever and Fixed Columns 

(CALTRANS) 

2.4.2 Shear Strength of RC Columns 

Inelastic shear deformation is unsuitable for ductile seismic response as shear failure is a 

brittle failure and involves rapid strength degradation; when the transverse reinforcement 

yields, the width of flexural-shear cracks increases, rapidly reducing the concrete shear 

resisting strength and leading to a brittle failure. Shear design was not considered to be a 
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critical issue in bridges prior to 1970 as transverse reinforcement in older bridge columns 

were taken as No. 4 bars spaced at 12 in regardless the column size or the design shear force. 

Priestley et al. (1994) studied the shear behavior of RC columns built prior 1970, and, on the 

basis of their experimental results, proposed a model modifying equations by Ang. et al. 

(1989).  

That model, proposed that shear strength is composed of three independent components.  The 

first component is from the concrete, Vc, and its strength depends on the ductility level 

achieved as it decreases with increasing ductility; this is because, when the plastic rotation 

increases, flexural-shear cracks increases which results in reducing the contribution on the 

concrete in resisting the shear force as shown in figure 2-39. 

The second component is the truss component, Vs, and is a result of the contribution of the 

transverse reinforcement in the column; this component does not vary with ductility. 

The third component is the axial load component, Vp, and depends on the column aspect 

ratio; it also does not vary with ductility, as is illustrated in figure 2-40. 

The proposed model is expressed by: 

 n c s pV V V V= + +  (2-9) 

For Circular Columns: 
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where: k=Factor depending on column ductility; Ae= effective area of column and is taken as 

equal to 0.8Ag; D= Overall section depth; 'D = Distance between the centers of the peripheral 

hoop or spiral; c= Depth of compression zone; a= total column length for cantilever columns 

and half the column length for reversed bending columns; shA = Area of transverse 

reinforcement bar; shf = Yield strength of transverse steel. 

 

FIGURE 2-39 Degradation of Concrete Strength with Ductility (Priestley et al. 1994) 

 

FIGURE 2-40 Contribution of Axial Force to Shear Strength of Columns (Priestley et 

al. 1994); (a) Reversed Bending   (b) Single Bending  

Experimental evidence has been presented to justify the accuracy of the model compared to 

previously introduced models, as shown in figure 2-41. 



43 

 

FIGURE 2-41 Experimental Comparison (Priestley et al. 1994); (a) Displacement 

Ductility (b) Axial Load Ratio (c) Aspect Ratio 

 

2.4.3 Types of Failure in RC columns 

In order to obtain satisfactory seismic response of RC structures, brittle failure modes are 

undesirable and it is common practice to rely on ductile inelastic response of plastic hinges to 

dissipate the seismic energy of an earthquake. In fact, it is deemed necessary to prevent these 

brittle failure modes, which include, for the case at hand, shear failure modes. This could be 
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done by ensuring that the shear strength of a column exceeds the shear demand corresponding 

to the development of the maximum possible flexural strength (Ang et al. 1989). 

Shear strength is a function of the flexural ductility, as when plastic-hinge rotations increase, 

the widening of flexure-shear cracks reduces the capacity for shear transfer by aggregate 

interlock, and the shear strength reduces. If the shear force demand corresponding to the 

development of flexural strength is less than the residual shear strength, Vr, ductile flexural 

response will occur. While if the shear force demand is greater than the initial shear strength, 

Vi, a brittle shear failure will occur. Finally, if the shear force is between the initial and 

residual shear strength, then shear failure will occur at a ductility corresponding to the 

intersection of the strength and force-deformation characteristics, as shown in figure 2-42 

(Priestley et al. 1994). 

That being said, caution should be made when designing or retrofitting RC bridge bents using 

a structural fuse concept. As ignoring the shear failure mode could result in a brittle failure of 

the columns before flexural yielding occurs. Taking the brittle shear failure more into account 

is further investigated in section 3.  

 

 

FIGURE 2-42  Interaction between Shear Strength and Ductility (Priestley et al. 1994)  
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2.5 Coupled Shear Walls 

Coupled shear walls (CSWs) can provide an efficient structural system that can resist 

horizontal forces due to wind and seismic effects in multistory RC buildings. CSWs are 

usually built over the entire height of the building and are laid out either as a series of walls 

coupled by beams and/or slabs or as a central core structure with openings. Adding passive 

energy dissipation devices in between bridge columns could result in a system behavior 

similar to that of CSWs. Extensive analytical and experimental studies have been conducted 

on CSWs (e.g. Schnobrich 1977; Wight 1988; Paulay 1971; Kabeyasawa et al. 1982, 1984; 

and Chaallal, O. et al. 1996). These studies established valuable recommendations for the 

design and detailing of CSW buildings. They also demonstrate that the structural behavior of 

reinforced concrete CSWs is greatly influenced by the behavior of their coupling system, 

which in turn depends on the geometry and strength of the coupling beams relative to the 

walls. Figure 2-43 shows a schematic of the behavior of CSWs with different degrees of 

coupling, namely the ratio of the stiffness of the coupling beam relative to the walls. 

Depending on the degree of coupling, CSWs falls into one of the following three categories: a 

series of linked isolated walls (low coupling), CSWs with effective coupling (intermediate 

coupling), and walls with openings (pierced walls, high coupling). 

 

2-43 Behavior of CSW with Different Degrees of Coupling (Chaallal, O. et al. 1996) 

2.6 Summary 

This section described the state-of-the-art with respect to the structural fuse concept and its 

implementation in buildings. Past developments of on BRBs and their implementation in 

buildings and bridges was then described, followed by a brief summary of the key failure 

mechanisms in RC columns.  
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It has been shown that the more restrictive definition and implementation of the structural 

fuse concept is relatively recent; it is a seismic design philosophy that has been recently 

implemented in building, but not as frequently in bridges, and not so in the substructures of 

short- and medium-span bridges. As a result, it is worthwhile to investigate possible ways to 

introduce a structural fuse system into bridge bents that would include lateral load resisting 

disposable and replaceable elements to increase the seismic performance of bridges. 

BRBs were shown to be a fairly mature technology, with well known hysteretic behavior and 

already implemented successfully in many buildings and a few bridges.  For that reason, 

BRBs appear to be a desirable device to consider implementing a structural fuse retrofit 

strategy.  This could be done for reinforced concrete bridges in need of seismic retrofit, but 

also as part of an integrated design procedure for accelerated bridge construction (ABC).  

However, bridge columns could also be fitted with different types of fuses, and other types 

are also worthy of consideration.  Any of the concepts considered would have to be validated 

experimentally and analytically. 
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SECTION 3  

STRUCTURAL FUSE STRATEGY FOR SEISMIC RETROFIT 

OF REINFORCED CONCRETE BRIDGE BENTS 

 

3.1 Introduction 

Recent earthquakes in the United States, Japan and several other countries have demonstrated 

the vulnerability of reinforced concrete bridges to seismic damage. These vulnerabilities have 

varied from total collapse, such as in the 1995 Kobe earthquake (Schiff 1998), to minor 

cracking and concrete spalling, such as in the 2001 Nisqually earthquake (Ranf et al. 2007). 

Typical RC bridge piers designed prior to the 1970’s where not detailed to prevent shear 

failure due to seismic excitation nor detailed for ductile response. For example, 13mm (No. 

4) ties or hoops spaced at 300mm (12”) where typically used irrespective of column size, 

longitudinal reinforcement, or seismic demands. Also, short lap splices where used in column 

hoops and ties; as a result, these would open-up after concrete cover spalling during a severe 

earthquake that brought these structures into the inelastic range. 

Providing reliable mechanisms for dissipation of the destructive earthquake energy is key for 

the safety of structures against intense earthquakes. Since these bridges where not designed to 

sustain plastic deformations for energy dissipation, and even the ones that are designed for 

that would require significant amount of repair after a seismic attack. It was thought about 

introducing a new element to the system to sustain the seismic demand while preserving the 

integrity of the bridge main components (structural fuse). 

Here, a structural fuse concept is proposed in which structural steel elements are added to an 

RC bridge bent to increase its strength and stiffness, and also designed to sustain the seismic 

demand and dissipate all the seismic energy through hysteretic behavior of the fuses, while 

keeping the RC bridge piers elastic. Several types of structural fuses can be used and 

implemented in bridges; the focus in this section will be on using Buckling Restrained Braces 

(BRB) for the retrofit of RC bridge bents. The characteristics and seismic performance of 
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BRBs have been described in section 2. Other types of structural fuses will be discussed in 

later sections with different types of bridge bents. 

A parametric study for a prototype RC bridge bent retrofitted using BRBs is presented in 

section 3.2. That study was conducted to investigate trends in behavior as a function of key 

parameters defining the proposed structural fuse system, while using BRBs of different 

stiffnesses and strengths as the energy dissipating fuses. 

A general parametric study in section 3.3 is introduced in two dimensional charts; a close 

form solution is also developed as an alternative to the charts. 

The results of nonlinear dynamic analyses conducted to validate the proposed static 

procedure are presented in section 3.4, followed by a design example. 

Finally, a general retrofit procedure is presented in section 3.5, with emphasis on how to 

select suitable values for the various parameters presented earlier to achieve a satisfactory 

structural fuse system.  

 

3.2 Parametric Study of an RC Bridge Bent with BRB 

3.2.1 Idealized Model and Definitions 

A parametric study has been conducted to develop an understanding of the impact of various 

factors on helping to achieve the desired structural fuse behavior described earlier in section 

2. For this purpose, an analytical model for a general RC bent with a BRB system inserted as 

a structural fuse has been developed. An equivalent elasto-plastic model with strain 

hardening was used for the RC columns and an elastic perfectly plastic model was used for 

the BRB. 

Figure 3-1 schematically shows a simple two column RC bridge bent retrofitted using an 

inverted V (chevron) BRB system.        
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The general pushover curves corresponding to this idealized structural system and some of 

the important parameters used in this study are shown in figure 3-2, 

 
FIGURE 3-2 General Pushover curve 

 

where keff =Effective lateral stiffness of the RC frame obtained from the cracked moment of 

inertia; β =Post-yield strain hardening stiffness ratio of the RC frame; kb =Lateral stiffness of 

the BRB system; Δyb=Lateral yield displacement of the BRB system; Δyf =Lateral yield 

displacement of the RC frame; ΔDf =Lateral displacement at the onset of RC frame damage 

(i.e. column shear or flexural failure); Vyf =Yield strength of the RC frame; VDf =Maximum 

FIGURE 3-1  Layout of Studied Retrofit Scheme
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strength of the RC frame; Vyb =Yield strength of the BRB; Vy1 =Total system yield strength; 

Vy2 =Strength of the total system at the point of RC frame yielding; Vp =Lateral strength of 

the total system at the onset of column failure; Ve =Seismic demand on the total system if the 

system behaved elastically; δt=expected displacement after frame retrofit (also called target 

displacement). 

 

For the studied system, the cap beam is conservatively assumed to be rigid; such a large 

difference in stiffness between the cap beam and the columns is typical in many bridge 

applications. Also columns here are assumed to be rigidly connected to the base and 

foundation.  

 

For the current assumptions, the RC bridge bent can be considered as a single degree of 

freedom system with lumped mass at the superstructure level and whose effective lateral 

stiffness is equal to: 

 3

122 c cr
eff

E IK
H

⎡ ⎤= ⎢ ⎥⎣ ⎦
  (3-1) 

where H=total column height; Icr=Cracked moment of inertia; Ec=Concrete modulus of 

elasticity. 

 

Lateral stiffness of the added BRB system can be calculated as follows:   

 2 coss b
b

b

E AK
cL

θ=   (3-2) 

where Lb=BRB total length; c=Yielding portion of the BRB; Ab=Cross sectional area of a 

single BRB. 

 

Adding the BRB system increases the lateral stiffness of the bare frame and the resulting total 

system stiffness is equal to: 

 tot eff bK K K= +  (3-3) 

 

This decreases the effective period of the primary structure, changing it from: 

 2frame
eff

mT
K

π=  (3-4) 

for the bare RC bridge bent to: 
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 2eff
tot

mT
K

π=  (3-5) 

for the retrofitted structure.  

 

Decreasing the effective period reduces the displacement demand on the retrofitted structure 

and the target displacement, tδ , (as per the NEHRP 2003 Recommended Provisions) 

becomes: 

 
2

0 1 24
a eff

t

S T g
C Cδ

π
=  (3-6) 

where C0 is a modification factor to relate the displacement of the control point to the 

displacement of a relative single-degree-of-freedom system and determined as: 
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and C1 is a modification factor to account for the influence of inelastic behavior on the 

response of the system, and calculated as: 

 1 1 1 ya s

y eff a

V WS TC
V W T S

⎛ ⎞⎛ ⎞ ⎛ ⎞
= + −⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠⎝ ⎠

 (3-8) 

where Vy is the effective yield strength of the equivalent bilinear system. 

 

The target displacement can also be calculated (as per AASHTO 2009 Guide Specifications 

for LRFD Seismic Bridge Design) as:  

 
2
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t d
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Rδ

π
=  (3-9) 

where Rd is a displacement magnification factor for short periods (less than 1.25 sT ) and is 

calculated as: 

 1.251 11 s
d

D eff D

TR
Tμ μ

⎛ ⎞
= − +⎜ ⎟
⎝ ⎠

 (3-10) 

where Ts is the period at the end of constant design spectral acceleration plateau, μD is the 

maximum local member displacement ductility demand (less than 6 for multiple column 

bents). 
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The value of the yield displacements of the BRB can be calculated as follows: 

 
cos

BRB

b

y b
y

s

f cL
E θ

Δ =  (3-11) 

where c is defined as the ratio of the yielding length of the BRB, Lysc, to the total BRB length, 

Lb.  

 
The yield displacement of the RC frame is defined using the equations adopted in the 

CALTRANS-Seismic Design Criteria (SDC) and originally introduced by Priestley et al. 

(1987): 

 
22 ( )

3
y m

yf

Lϕ
Δ =  (3-12) 

where Lm =is the distance from point of maximum moment to point of contra-flexure, and 

yϕ =Yield curvature of the bare frame, calculated as: 

 y
y

c cr

M
E I

φ =  (3-13) 

 

For the structural fuse concept, it is required that the BRB yield displacement, Δyb, be less 

that the yielding displacement of the frame, Δyf. As a result, the BRB stiffness and strength 

must be chosen to limit the demand on the structure such that the system displacement 

reached for the maximum credible earthquake is less than Δyf, concentrating energy 

dissipation in the BRB yielding, keeping the bare frame elastic. In this concept, a parameter , 

μmax, is defined as the maximum displacement ductility that the system can withstand to 

ensure that the BRB acts as a structural fuse without yielding the RC bare frame, and 

calculated as the ratio between the yield displacement of the RC frame, Δyf, and the yield 

displacement of the BRB, Δyb, such that: 

 max
yf

yb

μ
Δ

=
Δ

 (3-14) 

 

Note that exceeding μmax is not necessarily a system failure limit state, because in some 

instances, if this limit is exceeded, ductile yielding in the RC bent columns would occur.  
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However, in such a case, after removal of the BRB, the yielded RC frame would not return to 

its original undamaged position. In other instances though, yielding in the RC columns is not 

desirable and exceeding μmax could be more problematic. This could be the case in non- 

ductile bridge columns that either cannot sustain large plastic deformations to ensure energy 

dissipation, or that lack adequate transverse reinforcement and could suffer sudden shear 

failure.  

 

To ensure that the BRB behaves as a structural fuse, dissipating all the seismic energy while 

the bridge columns remain elastic, another parameter, μf, is defined as the maximum 

displacement ductility that the frame can withstand, and calculated as the ratio between the 

yield displacement of the column and the system displacement reached for the maximum 

credible earthquake (target displacement): 

 t
f

yf

δμ =
Δ

 (3-15) 

 

If shear failure is ignored and only flexural failure is considered, frame ductility must always 

be less than 1 to ensure that yielding in the RC column does not take place. Further constrains 

will be added to this parameter later in this section for the case when brittle shear failure is 

considered.  

 

Another parameter, μb, is defined as the BRB displacement ductility and is calculated as the 

ratio between the system displacement reached for the maximum desired earthquake (target 

displacement) and the yield displacement of the BRB, Δyb: 

 t
b

yb

δμ =
Δ

 (3-16) 

It is effectively the global displacement ductility (or the displacement ductility) of the 

retrofitted structure, and should not exceed the maximum displacement ductility, μmax, to 

insure that the BRB acts as a structural fuse.   

 

Another parameter that affects the choice of the BRB stiffness is the BRB strain which can be 

calculated as:
 

 cos cose t
b

b bcL cL
θ δ θε Δ= =  (3-17) 
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That strain, in compliance with the AISC seismic provisions, is conservatively taken here to 

not exceed 1.5%, although it is known that a BRB could extend up to 3% before fracture 

occurs under repeated cyclic inelastic loading (Iwata et al. 2000). 

 

From the above equations, the following relationship between max , ,f bμ μ μ can be established: 

 t f yf b ybδ μ μ= Δ = Δ  (3-18) 

 max
yf b

yb f

μ μ
μ

Δ
∴ = =

Δ
 (3-19) 

ensuring that μf is always less than 1 ensures that bμ remains less than μmax. 

As mentioned earlier, shear failure is a brittle failure mode that must also be considered. It 

can occur when inadequate transverse reinforcement is provided such that shear failure would 

precede or prevent full development of ductile flexural hinging. To take into account the 

possibility of shear failure as a part of the structural fuse concept, the shear strength of the 

frame columns, Vi, must first be calculated and compared to the nominal flexural shear 

strength, Vn. Shear failure will occur if Vi< Vn, while flexural failure will occur if Vi> Vn; 

figure 3-3 schematically shows the relationship between shear and flexural failure. Given that 

a frame displacement ductility of 1 corresponds to the nominal flexural failure, if brittle shear 

failure is the governing failure mode, then the limited displacement frame ductility at which 

the column remains elastic, μfreq , would be less than 1. From similar triangles, a simple 

relationship between the limited displacement frame ductility and the shear and flexural shear 

strength is calculated as: 

 i
freq

n

V
V

μ =  (3-20) 

Figure 3-4 shows the limited frame ductility with respect to i

n

V
V

 



55 

 
FIGURE 3-3 Relation between Shear and Flexural Failure 

 

 
FIGURE 3-4 Desired Frame Ductility (

reqfμ ) 

 

3.2.2 Case Study 
 

A parametric case study was conducted to study the trends in behavior of a RC bent 

retrofitted using a BRB. A response spectrum was constructed based on the American 

Association of State Highway and Transportation Officials (AASHTO 2009 Guide 

Specifications for LRFD Seismic Bridge Design), and the National Earthquake Hazard 

Reduction Program Recommended Provisions (NEHRP 2003), for a region exposed to severe 

ground shaking, with a maximum credible design earthquake having Ss=2.1g and S1=0.8g, for 

site soil-type class B and a 2% probability of exceedance in 50 years. The corresponding 

elastic response spectrum is shown in figure 3-5. 
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FIGURE 3-5 Elastic Response Spectra (ξ=5%) 

 

A typical RC bridge bent has been chosen for this case study from a three span continuous 

Prototype Bridge having bents spaced at 36m (120’) from each other and circular concrete 

columns of 1250 mm (50”) diameter, D, fixed at the base. The width, L, of the typical bent is 

equal to 12.5 m (500”) and its height, H, is 6.25 m (250”), with BRBs introduced in a chevron 

configuration at an angle, θ, of 45 between the braces and the horizontal, as shown in figure 

3-6.The columns longitudinal reinforcement ratio, ρ, is considered to be 2% and their typical 

transverse reinforcement consists of, #4 bar spaced at 300 mm (12”) center-to-center. The 

effective deck weight (girders + concrete slab + guard rails) was taken as 6.9 kPa (1 psi) for 

simplicity which, considering the tributary area of the bent resulted in concentrated lumped 

mass, m, at the superstructure level equal to 0.33 kN.sec2/mm (1.86 kips.sec2/in). The 

stiffness of the selected frame calculated using equation (3-1) was found to be 166 kN/mm 

(934 kip/in). The frame yield displacement, calculated using equation (3-12), was 23.5 mm 

(0.94”). 
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FIGURE 3-6 Chosen Retrofit Scheme 

 

Two dimensional graphs were constructed to investigate the sensitivity of selected key 

parameters as a function of different BRB cross sectional areas, Ab, and yielding lengths of 

BRB, c, expressed as a function of the total BRB length. Note that these two parameters, 

together, directly define BRB strength and stiffness. For the specified design earthquake 

spectral demands, the value of the frame ductility is calculated for several BRB cross section 

area and ratio of the yielding length of the BRB to the total BRB length. Substituting 

equation (3-5) into (3-6), a relation between the target displacement, δt, and the total stiffness, 

Ktot, can be rewritten as: 

  = a
t d

tot

S mgR
K

δ  (3-21) 

 

Substituting equation (3-21) into (3-15), the total system stiffness, Ktot, required to achieve 

specified frame ductility, μf, can be rewritten as: 

 
f

a
tot d

f y

S mgK R
μ

=
Δ

 (3-22) 

 

For the studied case, the value Rd will be taken as 1. Constant values of frame ductility, μf , 

are chosen from which the total system stiffness required to achieve the desired frame 

ductility is calculated, using equation (3-22). The calculated stiffness is then translated into 

BRB required area and yielding length ratio using equations (3-3) and (3-2). Figure 3-7 

shows the variation in frame ductility, μf , for different values of BRB areas and yielding 
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length ratios, each line representing a fixed value of μf less than 1 to ensure elastic response 

of the RC frame. 

 
FIGURE 3-7 Frame Ductility Values for different BRB Areas and Yielding Length 

Ratios 

 

For example, if Ab= 1875 mm2 (3in2) and c=0.6, the frame ductility, μf, corresponding to the 

chosen bent configuration and the chosen spectral acceleration from figure 3-7 will be equal 

to 1. 

Substituting equation (3-21) into equation (3-16), and rewriting: 

 
b

a
tot d

b y

S mgK R
μ

=
Δ

 (3-23) 

 

Substituting equation (3-23) into equation (3-11), the value of the total stiffness can be 

rewritten as:   

 
cos

BRB

a s
tot d

b y b

S mgEK R
f cL

θ
μ

=  (3-24) 

again, Rd will be taken as 1.  
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Constant values of BRB ductilities, μb, are chosen, from which the required total system 

stiffness is then calculated from equation (3-24) to achieve that ductility, the calculated 

stiffness is then translated into BRB required area and yielding length ratio using equations 

(3-3) and (3-2). Figure 3-8 shows the variation in BRB ductility, μb, for different BRB areas 

and yielding length ratios, each curve representing a constant value of μb. Here, a minimum 

required value of BRB ductility of 4 is arbitrary chosen before μf reaches 1, to make sure that 

sufficient ductility is present in the structural fuse system to dissipate the seismic energy 

before yielding in the columns occur. For the same example above, the value of the BRB 

ductility, μb, from figure 3-8 is equal to 5. 

 
FIGURE 3-8 BRB Ductility Values for different BRB Areas and Yielding Length Ratios 

 

Substituting equation (3-21) into (3-17), the value of the total stiffness can be rewritten as:
     

 

 cosa
tot d

b b

S mgK R
cL

θ
ε

=  (3-25) 

Figure 3-9 shows the variation in BRB strain, εb, for different BRB areas and yielding length 

ratios for the 3 values of BRB strains of 1%, 1.5% and 3%. 



60 

It is observed from the previous figures that for a given yielding length of BRB, increasing 

the BRB area reduces μf, μb, and εb, as expected since the structure becomes stiffer and the 

spectral target drift reduces. Likewise, for a given BRB area, decreasing c has the same 

effect. 

 

 
FIGURE 3-9 BRB Strain Values for different BRB Areas and Yielding Length Ratios 

 

A plot combining the results from figures 3-7 to 3-9 is presented for the typical RC bent 

mentioned above. The region of admissible solution is shown in the shaded area of figure 

3-10. It’s boundaries are defined as follows: A maximum value of μf equal to 1 is chosen so 

that the RC frame remain elastic (assuming that no brittle shear failure will occur in this 

case); a minimum value of μb equal to 4 is chosen to ensure sufficient ductility in the system, 

and; a conservative constrain of εb<1.5% is chosen to comply with the AISC seismic 

provisions and to ensure that no fracture occurs in the BRB. If brittle shear failure was to be 

the governing failure mode, the region of admissible solution would simply be modified for a 

lesser value of fμ as mentioned before. 
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FIGURE 3-10 Region of Admissible Solution for the Typical Studied RC Bent  

 

Similar plots were constructed for various columns diameters and various BRB angles to 

investigate the effect of changing these parameters on the region of admissible solutions. 

Figures 3-11 to 3-13 are matrices of plots that present results for the same set range of values 

for D and θ, where D increases horizontally and θ increases vertically. These figures 

respectively show the variation in frame ductility, the variation of BRB ductility and the 

variation of BRB strain, with respect to different BRB areas and yielding length ratios for 

different column diameters and different BRB angles.  



62 

 
FIGURE 3-11 Frame Ductility Values for different Column Diameters and BRB Angles 

 

Note, as shown in equations (3-22) and (3-25), that μf is a parameter that depends on spectral 

acceleration. Yet, both μf and εb always appear in the plots as straight lines. This is because 

each frame ductility value and each BRB strain value corresponds to a single value of 

spectral acceleration, regardless of its location on the spectrum, itself corresponding to a 

given value of period (i.e. total stiffness).  
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FIGURE 3-12 BRB Ductility Values for different Column Diameters and BRB Angles 

 

Note from equation (3-24) that μb is also an acceleration dependant parameter. Yet, here, 

changing the values of the yielding BRB length ratio, c, will affect the value of the total 

stiffness, and accordingly, of the fundamental period and the spectral acceleration. That 

means that a specified value of BRB ductility could be achieved by different values of total 

stiffnesses according to the chosen value of c and Ab. In this case, when μb is drawn as 

straight lines, it is because the fundamental period of the total system lies in the constant 

acceleration zone of the spectra. As shown in some cases in figure 3-12, the line curves at 

small BRB areas and long yielding length ratios which corresponds to cases outside of the 

constant acceleration region of the spectra. 

 

The effect of changing column height was also investigated for a typical RC bridge bent with 

columns of 50 in diameter. It is observed in figure 3-14 that for a given yielding length ratio 
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and BRB area, increasing the column height would increase μb, and εb, while it would 

decrease μf as expected, since increasing the column height would increase the target 

displacement, resulting in increasing the value of the BRB ductility as well as the BRB strain. 

Also increasing the column height would result in decreasing both of the stiffness and 

strength of the bare frame while at the same time increase its yielding displacement, this will 

result in decreasing the value of the frame ductility for a fixed period of the retrofitted frame. 

 

                 
 

FIGURE 3-13 BRB Strain Values for different Column Diameters and BRB Angles 
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FIGURE 3-14 Effect of Changing the Height on Various Parameters (D=50in, ρ=2%) 

 

3.3 General Parametric Study  

3.3.1 Parameters Definitions 

Results from the previous study were tied to specific structure geometry; a more general 

parametric study is presented here to account for several bent geometries and BRB 

configurations. New parameters are introduced and trends in behavior are observed, leading 

to strategies to obtain regions of admissible solutions for any bridge bent geometry and BRB 

configurations. 
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It is known that the target displacement in the constant velocity region of the spectrum can be 

calculated using the equal displacement theory which states that the maximum inelastic 

displacement for a given structure is equal to its maximum elastic displacement.
                                              

 e
t

tot

V
K

δ =  (3-26) 

 

While in the constant acceleration region the equal energy theory applies in which the 

maximum inelastic displacement is slightly greater that the maximum elastic displacement.
                            

 e
t d

tot

VR
K

δ =  (3-27) 

 

In the following parametric study, it was initially assumed that the periods of both the bare 

frame and the retrofitted structure lied in the constant velocity region of the spectra (i.e. Rd=1 

(AASHTO), and C1=1(NEHRP)). However, to ensure an adequate retrofit procedure, the 

resulting μf and μb were modified by multiplying by the actual values of C1 and Rd  given in 

equations (3-8) and (3-10) respectively, and  if the final period turned out to lie in the 

constant acceleration region of the spectra, as shown below. 

 

The frame ductility can be calculated as follows:
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and the BRB ductility can be calculated as: 
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V K V K V K V
V K V K V K K V K K

δμ
⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞⎛ ⎞⎛ ⎞

= = = = =⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟Δ + +⎝ ⎠⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠⎝ ⎠
 (3-29) 

 

Three parameters are introduced to simplify these equations, namely: the frame strength 

ratio, e a

yf yf

V S mg
V V

ξ = = , which relates the elastic base shear to the yield base shear of the bare 

frame; the stiffness ratio of the retrofitted frame, b

f

K
K

α = , which is the ratio between the 

lateral stiffness of the BRB and the lateral stiffness of the bare frame, and; the BRB strength 
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ratio, e

yb

V
V

η =  ,which is the ratio between the elastic base shear and the yield base shear of the 

BRB. 

 

Using these three new parameters, if the period lies in the constant velocity region of the 

spectra, the frame ductility can be expressed as:                                                      

 1
1fμ ξ

α
⎛ ⎞= ⎜ ⎟+⎝ ⎠

 (3-30) 

while if the period lies in the constant acceleration region of the spectra, the frame ductility is 

rather expressed as :
 

 f 1
1C   (NEHRP 2003)

1
⎛ ⎞μ = ξ⎜ ⎟+ α⎝ ⎠

 (3-31) 

 1 (AASHTO 2009)
1f dRμ ξ

α
⎛ ⎞= ⎜ ⎟+⎝ ⎠

 (3-32) 

 

If the period lies in the constant velocity region of the spectra, the BRB ductility can be 

expressed as: 

 1
1 1 1b

αμ η η
α α

⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠
 (3-33) 

while if the period lies in the constant acceleration region of the spectra, the BRB ductility 

can be expressed as: 

 1 1
1 (NEHRP 2003)

1 1 1b C C αμ η η
α α

⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠
 (3-34) 

 1 (AASHTO 2009)
1 1 1b d dR R αμ η η

α α
⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠⎝ ⎠

 (3-35) 

 

The maximum ductility can now be expressed in terms of the new parameters as: 

 max
yf yf f yf b

yb yb b yb f

V K V K
V K V K

ημ α
ξ

⎛ ⎞⎛ ⎞Δ ⎛ ⎞= = = =⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟Δ ⎝ ⎠⎝ ⎠⎝ ⎠
 (3-36) 

Graph plots have been constructed to study the relationship between the newly introduced 

parameters and the structural fuse system ductilities. Figure 3-15 shows the relationship 

between the Frame Strength Ratio, ξ, and the Stiffness Ratio, α, given by equation (3-30).   
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That equation for a given value of fμ , gives straight line of slope 1

fμ
 and vertical ordinate 

equal to -1.  

 
FIGURE 3-15 Relationship between the Frame Strength Ratio and the Stiffness Ratio in 

terms of Frame Ductility 

 

The linear relationship in figure 3-15 indicates that whenever the frame strength increases 

(meaning that μf increases for a given frame stiffness), a proportional increase in the stiffness 

ratio, α, is required in order to achieve the same desired frame ductility. This observation is 

expected as increasing the frame strength ratio for a given frame stiffness would result in 

decreasing the frame yielding strength and yielding displacement, so for a given frame 

stiffness ratio, increasing the frame strength ratio would decrease the frame ductility.  

 

Figure 3-16 shows the relationship between the BRB Strength Ratio, η, and the stiffness ratio, 

α, expressed by equation (3-33). Directly from that equation, for a given μb, η is equal to 

b
b

μ μ
α

+ .  
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FIGURE 3-16 Relationship between the BRB Strength Ratio and the Stiffness Ratio in 

terms of BRB Ductility 

 

As a result, mathematically, as observed in figure 3-16, if α is less than 2, a small change in 

the stiffness ratio significantly affects the BRB strength ratio needed to achieve a target BRB 

ductility, while if α is greater than 2, the stiffness ratio does not affect the BRB stiffness 

much (and is of little effect at α greater than 5). This physically means that if the stiffness of 

the BRB is large compared to that of the frame (i.e. largeα ), bη μ≈ and e t

yb yb

V
V

δ=
Δ

, which 

means that the structural behavior approach that of a bilinear system with properties given by 

the BRB (i.e. impact of the frame itself becomes less significant). At the other extreme, if the 

stiffness of the BRB is too small compared to that of the frame (i.e. smallα ), it is impossible 

to make the structural fuse system works. 

 

From equation (3-32), figure 3-17 shows the relationship between the Stiffness Ratio, α, and 

the BRB Strength Ratio,η , normalized by the Frame Strength Ratio, ξ , where each curve 

represents a constant value of the maximum ductility. This normalization is the ratio of the 

frame yield strength to the BRB yield strength.  
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FIGURE 3-17 Relationship between the Stiffness Ratio and the BRB Strength Ratio 

normalized by the Frame Strength Ratio in terms of Maximum Ductility 

 

It is observed that for α greater than 5, leads to almost the same values of η
ξ

 are relatively 

small compared to cases when α is less than 1. For the latter case, a significant 
η
ξ

is required 

to achieve the desired maximum ductility. Again the same trend is seen as in the previous 

figure, and it physically means that if the stiffness of the BRB is too small compared to that 

of the frame, a very large value of BRB to frame strength ratio is required to achieve the 

structural fuse concept which is almost impossible. 

 

The value of the BRB strain can be calculated as: 

 
2

2

sin coscos sin cos

sin 4

a efft t
b

ysc ysc ysc

BRB BRB BRB

S gT
L L L

H H H
L L L

θ θδ θ δ θ θε
θ π

= = =
⎛ ⎞ ⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠

 (3-37) 

rearranging that equation one obtains: 

 ( )
2

2 sin cos
4

effb

ysca

BRB

TH g
LS
L

ε θ θ
π

⎛ ⎞
⎜ ⎟

⎛ ⎞⎜ ⎟= ⎜ ⎟⎜ ⎟⎛ ⎞⎝ ⎠
⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

 (3-38) 
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By substituting equation (3-6) and (3-11) into equation (3-16), the value of the BRB ductility 

can be rewritten as: 

 
2

2

sin cos

4
BRB

a eff st
b

yscyb
y

BRB

S gT E
L

f H
L

θ θδμ
π

= =
Δ ⎛ ⎞

⎜ ⎟
⎝ ⎠

 (3-39) 

rearranging that equation: 

 ( )
2

2 sin cos
4

BRB

effb s

ysca y

BRB

TH Eg
LS f
L

μ θ θ
π

⎛ ⎞
⎜ ⎟⎛ ⎞⎛ ⎞ ⎜ ⎟∴ = ⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎛ ⎞⎝ ⎠⎝ ⎠⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

 (3-40) 

 

By dividing equation (3-38) by equation (3-40), it is shown that for the case of a chevron type 

BRB system: 

 BRByb

b s

f
E

ε
μ

=  (3-41) 

 

Using the previous relationships, for constant values of ξ, the values of fμ and bε with respect 

to α can be calculated and plotted for BRB of different steel grades. 

 

Figure 3-18 shows one such typical plot for a value of ξ=4 and fyBRB= 350 MPa (50 ksi), 

where the horizontal axis is the stiffness ratio, α, while the vertical axis is the BRB ductility, 

μb. Each solid line curve in the figure represents a constant value of the BRB strength ratio, η. 

It can be seen that for a given value of stiffness ratio, increasing the BRB ductility would 

result in increasing the BRB strength ratio and accordingly decrease the BRB strength, which 

is expected as in order to increase the BRB ductility while preserving the stiffness, a 

reduction in the BRB strength is required in order to decrease the BRB yielding displacement 

and accordingly increase the BRB ductility. The horizontal dashed lines correspond to 

specific values of bμ , which can be converted into equivalent BRB strains by equation (3-41). 

The upper dashed horizontal line represents the BRB strain that is selected as the design limit 

(1.5% in this particular example). It can be seen that increasing the stiffness ratio for a given 

BRB ductility does not affect the value of the BRB strain, which is expected as the 

relationship in equation (3-41), can be concluded directly from the geometry of the BRB, as 

the BRB ductility is the ratio between the BRB target strain and the BRB yield strain, which 
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has nothing to do with the stiffness ratio and for a given value of BRB ductility a constant 

value of strain is obtained for a given steel grade. The vertical dashed lines correspond to 

various frame ductility, fμ , obtained for specific values of the stiffness ratio, α, for a constant 

value of frame strength ratio, ξ. Various values of fμ can be chosen by equation (3-31) to 

constrain the design, depending on the type of column failure mode, but fμ  can never be 

greater than 1 for the structural fuse concept to be effective. It can be seen that increasing the 

stiffness ratio corresponds to decreasing the frame stiffness, and for a given frame strength 

ration, decreasing the frame stiffness would result in increasing the frame yielding 

displacement and also the frame ductility. 

 

The region of admissible solutions to achieve the structural fuse objectives is illustrated by 

the shaded area for a RC bridge bent having a typical flexural failure mode. The upper limit 

represents the maximum brace strain that can be achieved so that no fracture occurs in the 

brace, and the lower limit ( bμ =1) is the point below which the BRB will behave elastically 

and the benefits of having it dissipate energy will not exist. This region is vertically defined 

to the left by the value of fμ corresponding to the applicable failure mode – here, 1fμ =  for 

flexural values, and lesser values if shear failures governed. The zone of admissible solution 

is unbounded to the right. 

 
FIGURE 3-18 Regions of Admissible Solution for a Value of ξ=4, yBRBf =350 MPa  

 



73 

Similar plots were constructed for different values of ξ considering steel grades A36 and 

A572 Gr.50 as shown in figure 3-19. Regions of admissible solutions are shown by the 

shaded areas in those plots. It can be seen that the region of admissible solutions decreases 

when increasing the values of ξ and fyBRB. This can be explained by considering that 

whenever the frame strength ratio increases, the strength of the bare frame decreases and, for 

a given stiffness ratio, α, the value of the frame yield displacement will decrease followed by 

a decrease in the allowable ductility of the system, μmax. Correspondingly a larger value of α 

is required to reach a value of μf  equal to 1. Independently, increasing the value of BRB yield 

strength , fyBRB, for a constant value of α, increases the value of the BRB yield displacement, 

resulting in a reduction of  the allowable ductility of the system and proportional reduction in 

the value of bμ when the strain limit of 1.5% is reached. 
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FIGURE 3-19 Regions of Admissible Solution for Different ξ and 
BRByf  



75 

3.3.2 Modification Factors 

The previous plots where presented for cases for which the period was always considered to 

be in the constant velocity zone (i.e. Rd=1(AASHTOO), and C1=1(NEHRP)). As shown in 

equations (3-8) and (3-10) described earlier, the correction factors are a period dependant 

parameter (i.e. depends on the mass and stiffness for each individual case). As a result the 

transition point between the constant velocity and constant acceleration regions of the spectra 

is not tied to specific values of α, which is why it was not considered in the previous plots. 

For design purposes, the effect of the correction factor should be calculated separately (per 

equations (3-31) and (3-34)) and used to magnify the BRB ductility and frame ductility 

values found from the above plots.  

 

For example, the effect of adding the correction factor is illustrated for a RC bent 

configuration of mass equal to 1.86 kips, η=6 and ξ=6, in figures 3-20 and 3-21which show 

the corrected BRB ductility and frame ductility values at different values of α respectively.  

 

 
FIGURE 3-20 Effect of Adding the Correction Factors on the BRB Ductility for η=6 

and ξ=6 
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FIGURE 3-21 Effect of Adding the Correction Factors on the Frame Ductility for η=6 

and ξ=6 

 

3.4 Nonlinear Dynamic Response 

3.4.1 Static Procedure Validation 

To validate the above predicted system response based on pushover properties for retrofit 

using BRB structural fuses, a set of 9 artificial spectra-compatible accelerograms were 

generated using the TARSCTHS code (Papageorgiou et al. 2001). The time histories matched 

the target AASHTO (2009) acceleration response spectrum for the same site used in section 

3.3. The spectral acceleration used for this purpose was taken from the USGS seismic hazard 

maps and found to be Ss=2.083g and S1=0.803g. The resulting acceleration response spectra 

for the generated ground motions with 5% critical damping are shown in figure 3-22. An 

average response spectrum curve is generated and plotted against the compliant code 

spectrum for 5% critical damping as shown in figure 3-23. The same procedure could have 

been followed using the target spectra of various seismic specifications such as (NEHRP 

2003) and remain the same otherwise. 
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FIGURE 3-22 Acceleration Response Spectra for Synthetic Earthquakes (ξ=5%) 

 

 
FIGURE 3-23 Elastic Response Spectra for Synthetic Earthquake (ξ=5%) 

Time history analysis was performed using the SAP2000 software on a number of RC bents 

retrofitted by a chevron BRB bracing system configured as shown in figure 3-6. The total 

system mass was set to a constant value of 1.86 kips for all cases. Two sets of analyses were 

performed. For the first set of analyses, the value of the frame strength ratio ξ and the value 
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of the BRB strength ratio η where chosen to be 2 for all cases. These values were chosen to 

ensure that all the system periods are located in the constant velocity zone of the spectra 

where Rd=1.  

 

Different values of α ranging between 1 and 5 where used and the corresponding values of 

frame and BRB ductilities where calculated and compared to those from the proposed static 

procedure. Figures 3-24 and 3-25 show a comparison between the results obtained from all 

the synthetic records and the push-over analysis predictions for BRB and frame ductility 

respectively, while figures 3-26 and 3-27 show the same comparison with the mean response 

obtained from all 9 synthetic ground motions. 

 

For the second set of analyses, the values of the frame strength ratio ξ and the BRB strength 

ratio η was set to be equal to 6 for all cases. These values were chosen to show the effect of 

adding the correction factor, Rd, for the cases in which the fundamental period of the total 

systems laid in the constant acceleration zone of the spectra. Different values of α ranging 

between 1 and 5 were also used and the corresponding values of frame and BRB ductilities 

where calculated and compared to those from the push-over analysis predictions taking into 

account the correction factor. Figures 3-28 and 3-29 show a comparison between the results 

obtained from all the synthetic records and the push-over analysis predictions for BRB and 

frame ductility respectively, while figures 3-30 and 3-31show the same comparison with the 

mean response obtained from all 9 synthetic ground motions. Note that in those figures, the 

dotted lines correspond to the corrected values. 

 

For both sets of analyses considered, the agreement is good between the response predicted 

by the simple procedure and the results from the non-linear time history analyses. On 

average, the results obtained from the push-over analysis are about 13% higher than those 

obtained from the non-linear time history analyses.  

Tables 3-1and 3-2 show frame and BRB ductilities results obtained from the non-linear time 

history analyses for the 9 earthquakes respectively at specified values of stiffness ratios, α, 

for a frame with ξ=6 and η=6. The average ductilities are then compared to those obtained 

from the push-over analysis.   
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FIGURE 3-24 Comparison between Time History and Push-over Analysis Results for 

BRB Ductility at η=2 and ξ=2  

 

 
FIGURE 3-25 Comparison between Time History and Push-over Analysis Results for 

Frame Ductility at η=2 and ξ=2  
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FIGURE 3-26 Comparison between Time History for Mean Record and Push-over 

Analysis Results for BRB Ductility at η=2 and ξ=2 

 

 
FIGURE 3-27 Comparison between Time History for Mean Record and Push-over 

Analysis Results for Frame Ductility at η=2 and ξ=2 
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FIGURE 3-28 Comparison between Time History and Push-over Analysis Results for 

BRB Ductility at η=6 and ξ=6 

 
FIGURE 3-29 Comparison between Time History and Push-over Analysis Results for 

Frame Ductility at η=6 and ξ=6 
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FIGURE 3-30 Comparison between Time History for Mean Record and Push-over 

Analysis Results for BRB Ductility at η=6 and ξ=6 

 
FIGURE 3-31 Comparison between Time History for Mean Record and Push-over 

Analysis Results for Frame Ductility at η=6 and ξ=6 
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TABLE 3-1 Frame Ductility Values from Dynamic and Push-over Analyses 

α EQ1 EQ2 EQ3 EQ4 EQ5 EQ6 EQ7 EQ8 EQ9 Av. fμ  fμ (Static) %Error 

0.36 1.2 1.3 1.5 1.3 1.2 1.7 1.3 1.3 1.2 3.7 4.4 18.2 

1.1 2.5 2.9 2.5 2.5 2.7 2.5 2.8 2.9 2.8 2.4 2.9 18.2 

2.2 3.5 3.2 4.0 4.2 3.5 4.2 3.7 3.2 3.3 1.7 1.9 13.7 

3.1 4.5 4.2 4.2 3.5 4.0 5.4 5.2 4.2 4.5 1.4 1.6 11.1 

4.4 5.4 4.3 5.4 5.0 3.9 6.3 6.7 4.6 4.3 1.1 1.3 14.8 

5.5 4.9 4.8 5.9 5.9 4.2 6.5 7.8 5.2 4.8 1.0 1.2 15.4 

6.6 6.3 5.0 6.7 6.9 4.5 7.1 8.8 5.8 5.8 1.0 1.1 10.3 

8.2 6.7 5.5 7.7 8.8 5.1 8.4 10.3 6.7 6.5 0.9 1.0 7.6 

 

TABLE 3-2 BRB Ductility Values from Dynamic and Push-over Analyses 

α EQ1 EQ2 EQ3 EQ4 EQ5 EQ6 EQ7 EQ8 EQ9 AV. bμ  bμ (Static) %Error 

0.36 3.5 3.8 4.1 3.7 3.7 4.8 3.6 3.6 3.3 1.3 1.6 18.5 

1.1 2.3 2.6 2.3 2.3 2.3 2.3 2.5 2.6 2.5 3.6 4.1 12.8 

2.2 1.6 1.4 1.8 1.9 1.9 1.9 1.7 1.4 1.5 4.4 4.9 11.1 

3.1 1.5 1.4 1.4 1.1 1.1 1.8 1.7 1.4 1.5 5.1 5.8 14.5 

4.4 1.2 1.0 1.2 1.1 1.1 1.4 1.5 1.0 1.0 5.6 6.4 15.1 

5.5 0.9 0.9 1.1 1.1 1.1 1.2 1.5 1.0 0.9 6.3 7.0 10.5 

6.6 1.0 0.8 1.0 1.1 1.1 1.1 1.4 0.9 0.9 7.3 7.8 6.2 

8.2 0.8 0.7 0.9 1.1 1.1 1.0 1.3 0.8 0.8 2.6 3.1 17.6 

 

3.4.2 Example 

An arbitrary RC bridge bent was selected with dimensions L= 12.5 m (500”) and H= 6.25 m 

(250”). Columns where chosen to be circular with diameter D= 1250 mm (50”) having a 

longitudinal reinforcement ratio ρ=2%, and a transverse reinforcement similar to that of most 

bridges built prior 1970 (i.e. #4 bars spaced at 300 mm (12”)). Concrete strength, fc
’, was 

chosen to be 41 MPa (6ksi). The superstructure was assumed to be rigid so that the bent acted 

as a SDOF system with a lumped mass at the top of the columns, m, assumed to be           

0.33 kN.sec2/mm (1.86 kips.sec2/in). The introduced BRB system was assumed to have a 

bilinear hysteretic behavior and a material strength, fyBRB, of 275 MPa (40ksi). A response 

spectrum was constructed based on AASHTO 2009 Guide Specifications for LRFD Seismic 
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Bridge Design for a site with soil-type class B. The site was chosen to represents an area 

exposed to severe ground shaking. Resulting elastic spectral accelerations are shown in figure 

3-32. 

 

FIGURE 3-32 Elastic Response Spectra (5% critical damping) 

 

A moment curvature analysis has been performed for the RC column using XTRACT 

software from which an idealized moment curvature curve has been generated; figure 3-33 

shows a plot for both the moment curvature curve from the software and the idealized 

moment curvature curve. 

 

General column properties were extracted from the software as: 

yφ =0.00008, uφ =0.00068, yM =3600 k.ft 

 

Corresponding bare frame dynamic properties can be calculated as: 

4 4*3600*12 691.2
250

y
yf

M
V

H
= = = kips (3072 kN) 
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2 20.000085*(250) 1.77
3 3

y
y

Hφ
Δ = = = in (44.25 mm) 

691.2 390
1.77

yf
eff

y

V
K = = =

Δ
kip.in (43333 kN.mm) 

1.862
390effT π= =0.43sec 

2500.08 0.15 0.08 0.15*60*1.1 19.9
2 2p y b
HL f d= + = + = in (498 mm) 

( ) (0.00068 0.000085)*19.9 0.0118p u y pLθ φ φ= − = − = rad 

( )0.5 0.5 1.77 0.0118(0.5*250 0.5*19.9) 3.36u y p pH LθΔ = Δ + − = + + = in (84 mm) 

 

Shear strength of each column in the frame was calculated in accordance to (Priestley et al. 

(1994): 

/ 23.5 6000 *0.8* (50) 1000 425.9 (1893 )
4c c eV k f A kips kNπ⎛ ⎞= = =⎜ ⎟

⎝ ⎠
 

/

50 40tan *1160 46.4 (206 )
2 250

*0.196*60*46cot 30 cot 30 122.6 (545 )
2 2 *12

p

sh yh
s

D cV P P kips kN
a

A f D
V kips kN

S

α

π π°

− −⎛ ⎞ ⎛ ⎞= = = =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

= = =

 / 425.9 46.4 122.6 594.9 (2644 )i c p sV col V V V kips kN= + + = + + =  

where cV is the concrete component for shear strength, pV is the axial load component for 

shear strength enhancement, sV is the truss mechanism component to take into account the 

contribution of transverse reinforcement.  

 

For a two column bent the initial shear strength, Vi, can be calculated as: 

2*594.9 1189.9 (5289 )iV kips kN= =  (This indicates that no shear failure occurs prior to 

flexural yielding) 

While the residual shear strength, Vr, which is a shear stress based on reduced concrete 

contribution can be calculated in accordance to Priestley et al. (1994) as: 

/ 21.2 6000 *0.8* (50) 1000 146 (649 )
4c c eV k f A kips kNπ⎛ ⎞= = =⎜ ⎟

⎝ ⎠
 

( )2 146 46.4 122.6 630 (2800 )rV kips kN= + + =  
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Figure 3-34 shows a comparison between the idealized force displacement curve for the bare 

frame, compared to its initial and residual shear strength. It is seen that Vyf   is greater than Vi, 

which indicates that the flexural yielding will occur before the shear failure at a displacement 

Δy equal to 44025 mm (1.77”), and flexural failure will occur at a displacement Δf  equal to 

83.75 mm (3.35”). Theoretical shear failure should start to occur at a displacement Δs equal to 

132.5 mm (5.3”) which means that the column will totally fail in flexure before any shear 

failure starts to occur.            

From the response spectrum the spectral acceleration can be computed as aS =1.9g, 

( )2

2

1.9* 0.43 *386
3.4 (85 )

4t in mmδ
π

∴ = =
 

 

 
FIGURE 3-33 Original and Idealized Moment Curvature for bent column 



87 

 

FIGURE 3-34 Idealized Pushover Curve for the Bare Frame 

 

From the previous, the value of i

yf

V
V

 is 1.74 (greater than 1), which leads to a desired frame 

ductility after the retrofit not to exceed 1 (i.e. μf<1). In this example, a value of μf equal to 0.6 

is assumed as a target parameter to take into account the increase in ductility demand due to 

the equal energy theory. The BRB strength ratio, η, was taken equal to 6 in order to provide a 

reasonable BBR ductility ratio, μb of 4. The brace strain was assumed to be limited to 1.5% 

for reasons described earlier. 

 

A value of the spectral acceleration of the retrofitted frame is assumed in the constant 

acceleration zone of the spectrum (Sa=2.1g) 

 

The frame strength ratio can now be calculated as follows: 

2.1*1.86*386 2.18
691.2

ξ = ≅  

From figure 3-19, a chart is chosen for a value of ξ equals to 2, and a steel grade of A572 

Gr.50, the chosen figure is solely plotted in figure 3-35, values of 2.5α = and 6η = can be 
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chosen, from which values of the minimum required BRB strength and stiffness can be 

calculated as: 

min min 2.5*390 975 . (108333 . )b effK K kip in kN mmα= = =  

min
max

2.1*1.86*386 251 (1115.5 )
6

a
yb

S mV kips kN
η

= = =
 

from which the minimum required BRB area can be calculated as: 

min

min

2 2251 4.44 (2775 )
2 cos 2*40*cos45

yb
b

yb

V
A in mm

f θ
= = =

 

 

And the maximum yielding portion of the BRB can calculated as: 

min

max

min

2 cos 2*29000*4.44*cos45 186.8 (4670 )
975

s b
b

b

E A
L in mm

K
θ

= = =

 

FIGURE 3-35 Regions of admissible solution for a value of ξ=2,
BRByf =350 MPa (50 ksi) 

where the total BRB length is 353in, and 186 0.52
353

= =ysc

b

L
L  

 

Then, the yield displacement of the new BRB system can be calculated as: 
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min

251 0.26 (6.5 )
975

yb
yb

b

V
in mm

K
Δ = = =

 
 

The total stiffness can now be calculated as: 

975 390 1365 . (151667 . )tot b effK K K kip in kN mm= + = + =  
 

And the effective period of the retrofitted frame will be 0.23 sec < sT , which means that the 

structure’s spectral response comes from the constant acceleration region of the response 

spectra, and that the assumed aS is the same as the actual one. 

 

The modification factors can now be calculated, taking into account the equal energy theory: 

1 1.25*0.39 11 1.93 (AASHTO)
6 0.23 6dR ⎛ ⎞= − + =⎜ ⎟

⎝ ⎠  

1
2.1 0.4 942 / 718C 1 *1 1 1.27  (NEHRP)

942 / 718 0.23 2.1
⎛ ⎞⎛ ⎞ ⎛ ⎞= + − =⎜ ⎟ ⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠⎝ ⎠  
Correcting previous values accordingly, the new target displacement is: 

.
2 2

2 2

1.93*2.1*0.23 *386 2.09   (52.25 mm) (AASHTO)  
4 4

d a eff
t

R S T
inδ

π π
= = =

 
2 2

2 2

1.27*2.1*0.23 *386 1.37 (34.25 )  (NEHRP)
4 4

d a eff
t

R S T
in mmδ

π π
= = =

 
 

Since the AASHTO procedure gives more conservative values than the NEHRP one, it is 

found out here that the AASHTO procedure calculates a target displacement greater than the 

yield displacement of the bare frame, while the target displacement calculated using the 

NEHRP procedure satisfies the design requirement. 

 

Continuing with the AASHTO procedure, a new α is chosen equal to 3.5, and repeating all 

the previous procedure we will get: 

1365 . (151667 . )bK kip in kN mm= , 133.4 (3335 )bL in mm= , 0.18 (4.5 )
by in mmΔ = , 

1755 . (195000 . )totK kip in kN mm= , 0.2seceffT = , 2.1dR = , 1.72 (43 )t in mmδ =  

the new frame parameters are: 
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1 12.1*2 0.93
1 1 3.5f dRμ ξ

α
⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠  

1 12.1*6 9.8
1 1 1 1 3.5b dRμ η

α
⎛ ⎞ ⎛ ⎞

= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠  

and the value of maxμ is equal to 9.8 10.5
0.93

b

f

μ
μ

= =
 

 

Checking the BRB maximum strain according to the following equation: 

100

409.8*100 1.35% 1.5%
29000

BRByBRB

b s

BRB

f
E

ε
μ

ε

⎛ ⎞
∴ = ⎜ ⎟

⎝ ⎠
⎛ ⎞∴ = = <⎜ ⎟
⎝ ⎠  

 

The resulting idealized pushover curve for the retrofitted frame is plotted against the ones for 

bare frame and the BRB in figure 3-36, together with some of the numerical values calculated 

above. It can be seen that the objective of satisfactory structural fuse performance is met 

according to figure 3-36. 

 

 
FIGURE 3-36 Idealized Pushover curve for the frame before and after retrofit  
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For comparison, one of the 9 compliant ground record generated using the TARSCTHS code 

was chosen to illustrate typical time history results. The selected accelerogram is shown in 

figure 3-37, time history analysis was performed using the SAP2000 software.  

 

 

FIGURE 3-37 Generated Accelerogram by the TARSCTHS code 
Displacement time histories for the bare frame and for the retrofitted frame are shown in  

figure 3-38. It is observed that the bare frame undergoes inelastic action as the maximum 

displacement obtained from the introduced accelerogram is 83.25 mm (3.33”), while the yield 

displacement of the bare frame is 44.25 mm (1.77”) as shown in figure 3-36. 

 

Figure 3-39 shows the displacement time history of the retrofitted frame. The maximum 

frame displacement is approximately 31.75 mm (1.27”), which means that the columns 

remain elastic. The yield displacement of the BRBs is 6.5 mm (0.26”) as shown in figure 

3-36, which indicated that the maximum BRB ductility reached 4.9, which corresponds to a 

brace strain of 0.75% which is within the limit of brace fracture strain and low cycle fatigue. 

 

Hysteretic behavior of the retrofitted frame is shown in figure 3-40, confirming that the 

maximum displacement of 31.75 mm (1.27”), is less than the yield displacement of the frame. 

Hysteretic energy dissipation is achieved by yielding of the BRB, while no energy dissipation 

is done by the frame as it remains elastic.  
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FIGURE 3-38 Displacement Time History Plot of the Bare Frame 

 
FIGURE 3-39 Displacement Time History Plot of the Retrofitted Frame 
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FIGURE 3-40 Retrofitted Frame Hysteretic Behavior 

 

3.5 General Retrofit Procedure 

3.5.1 Retrofit Design Steps and Flowchart 

The previous study conceptually showed that the structural fuse concept can be achieved for 

an RC bridge bent using a combination of different parameters. 

 
This knowledge must be augmented by guidelines on how to select suitable parameter values 

to achieve a satisfactory structural fuse system. A retrofit procedure is proposed and consists 

of the following steps illustrated in figure 3-41 by a flowchart. 

1) Calculate the bare frame properties and perform a pushover analysis to define the 

idealized pushover curve from which yfΔ and yfV can be obtained. 

2) Calculate initial shear strength of the bare frame iV using procedures from ACI 318 or 

from the procedure proposed by (Priestley et al. 1994)  

3) Calculate the ratio i

yf

V
V

to establish the failure mode of the frame.  
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4) If i

yf

V
V

is greater than 1, that means that the frame is will fail in flexure and that the 

desired fμ is equal to 1. If the value of i

yf

V
V

is less than 1, that means that the frame will 

fail in shear and the desired fμ is equal to the value of i

yf

V
V

 (i.e. less than 1). 

5) Select a maximum permissible brace strain ε to comply with the provisions of BRBs ( a 

value of 1.5% is suggested). 

6) Calculate the effective period of the bare frame, which is used to obtain the spectral 

acceleration from the chosen response spectrum.  

7) Assume a spectral acceleration for the retrofitted frame. It should be greater than the 

one calculated for the bare frame preferably assumed to be in the constant acceleration 

region of the spectrum to decrease the initial number of iterations. 

8) Estimate an initial value of ζ, where: 

 a

yf

S m
V

ξ =  (3-42) 

9) Calculate the BRB angle according to the bent geometry. Using a chevron layout, 

 1 2tan H
L

θ − ⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (3-43) 

      where L=bent span and H=bent height. 

10) Enter the charts in figure 3-19 according to the calculated values of ξ and
BRByf . From 

those charts values of maxη and minα can be obtained. They are the theoretical values for 

the maximum BRB strength required and the minimum stiffness ratio required to 

achieve the identified target ductilities. These values can be modified later if the 

calculated BRB area and strength are found to be impractical.                                                                   

11) Calculate the minimum required BRB stiffness and strength as: 

 
min minb fK Kα=  (3-44) 

 
min

max

a
yb

S mV
η

=  (3-45) 

      from which the minimum required BRB area, 
minbA , can be calculated as: 

 min

min 2 cos
BRB

yb
b

y

V
A

f θ
=  (3-46) 
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     and the maximum yielding length of the BRB, maxL , can be calculated as: 

 min

min

max

2 coss b

b

E A
L

K
θ

=  (3-47) 

 

Note that the resulting BRBs must be physically realistic as not all sizes and strengths are 

available or doable. That means that the most economic theoretical solution on paper is not 

always the best one. As such, it would be important to keep practical limits in mind to deviate 

on purpose from the target parameters within the region of admissible solution or even to 

choose a different BRB layout than the chevron layout studied. If the theoretical solution is 

not doable, arrange the BRBs into a new layout, with smaller angle θ  of different geometry 

altogether, to increase the number of BRBs, with smaller required areas for each one. 

12) Assess whether the area calculated above can be provided and accommodated by the 

system. If it is found to be excessive, another layout is to be selected and θ is 

recalculated. For the purpose of this study, if such is the case, an alternative BRB layout 

is proposed as shown in figure 3-42, using multiple chevrons on top of each other, and 

the new BRB angle, *θ , can be calculated as: 

 * 1 2tan H
nL

θ − ⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (3-48) 

      where n=number of chevron bracings  

 

The new BRB lateral stiffness to maintain the desired fμ  is calculated as: 

 
2 / *

/ sin 2s b
b

ysc

b

n E AK
L

H
L

θ=
⎛ ⎞
⎜ ⎟
⎝ ⎠

 (3-49) 

      while in case of a single chevron bracing system the BRB lateral stiffness is calculated as: 

 sin 2s b
b

ysc

b

E AK
L

H
L

θ=
⎛ ⎞
⎜ ⎟
⎝ ⎠

 (3-50) 

      It is required to maintain the same value of α, from which the new lateral stiffness, /
bK  , 

must be equal to bK , which leads to: 

 /
2 *

1 sin 2
sin 2b bA A

n
θ
θ

⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

 (3-51) 
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From which the number of BRBs, n, can be increased until a reasonable BRB area is 

achieved. 

After calculating /
bA , the corresponding maximum yielding BRB length, /

maxL , is 

calculated as: 

 
/ *

/
max /

2 coss b

b

nE AL
K

θ=  (3-52) 

13) If the calculated /
maxL is greater than the BRB length, this length can be reduced to the maximum 

feasible length (i.e. 0.8 bL ) where bL is the BRB total length and the BRB area can be back 

calculated as follows: 

 max

/ /
/

*2 cos
b

b
s

L K
A

nE θ
=  (3-53) 

 

 Again if this area is impractical, step (11) is repeated until a reasonable value is obtained 

for /
bA and /

maxL  

The value of /η is then calculated as: 

 2 cos
BRByb b yV A f θ=∵  (3-54) 

 / / *2 cos
BRByb b yV nA f θ=∵  (3-55) 

 /
/ / *

1 cos
cos

yb b

yb b

V A
V n A

θη η η λη
θ

⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞∴ = = =⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠ ⎝ ⎠⎝ ⎠⎝ ⎠
 (3-56) 

where / *

1 cos
cos

b

b

A
n A

θλ
θ

⎛ ⎞⎛ ⎞ ⎛ ⎞= ⎜ ⎟⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎝ ⎠

 

For the case of one chevron bracing λ=1 

14) At this stage the total stiffness can be calculated to calculate the effective period of the 

retrofitted frame and the actual spectral acceleration can then be calculated.  

15) If the calculated spectral acceleration is not the same as the assumed “constant 

acceleration region”, assume a new spectral acceleration and go to step (8) and iterate 

until 
assumed actuala aS S=  

16) Values of bμ and fμ can now be calculated, if the actual spectral acceleration lies in the 

constant acceleration zone, a modification must be applied to these values to take into 
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account the equal energy theory as it was mentioned before that the charts was formed 

assuming the equal displacement theory. New values of bμ and fμ can be calculated as: 

 1.251 11 s
d

D eff D

TR
Tμ μ

⎛ ⎞
= − +⎜ ⎟
⎝ ⎠

 (3-57) 

 1
1f dRμ ξ

α
⎛ ⎞= ⎜ ⎟+⎝ ⎠

 (3-58) 

 1
1 1b dRμ λη

α
⎛ ⎞

= ⎜ ⎟+⎝ ⎠
 (3-59) 

     17) The values of μf  and μb can now be recalculated, and the value of maxμ would be equal 

to b

f

μ
μ  

18) Check for BRB strain according to the following equation: 

 
BRByb

b s

f
E

ε
μ

∴ =  (3-60) 



98 

 
FIGURE 3-41 Procedure to Retrofit RC Bridge Bents Satisfying the Structural Fuse 

Concept 
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FIGURE 3-41 (CONT.) Procedure to Retrofit RC Bridge Bents Satisfying the 

Structural Fuse Concept 



100 

 
FIGURE 3-41 (CONT.) Procedure to Retrofit RC Bridge Bents Satisfying the 

Structural Fuse Concept 
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FIGURE 3-42 Alternate BRB Layout 

 

3.5.2 Example 

From the previous example in section 3.4, if the calculated BRB length or area is not feasible, 

a new layout of the BRBs would be proposed as shown in figure 3-42, continuing on from 

step 12 the new BRB angle is calculated as: 

* 1 2*250tan 26.6
2*500

θ − ⎛ ⎞= =⎜ ⎟
⎝ ⎠

 

/ 2 2
2 * 2

1 sin 2 1 sin 904.44 1.38 (862.5 )
sin 2 2 sin53.13b bA A in mm

n
θ
θ

⎛ ⎞⎛ ⎞ ⎛ ⎞⎛ ⎞= = =⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠ ⎝ ⎠⎝ ⎠

 

/ *
/
max

2 cos 2*2*29000*1.38*cos26.6 147.6 (3690 )
975

s b

b

nE AL in mm
K

θ= = =  

Where the total BRB length is 280 in, then 147.6 0.53
280

= =ysc

b

L
L

”yielding portion of the BRB” 

The value of /η can now be calculated as: 

/ *

1 cos 1 4.44 cos 45 1.27
cos 2 1.38 cos 26

⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎛ ⎞⎛ ⎞= = =⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠⎝ ⎠⎝ ⎠

b

b

A
n A

θλ
θ

 

/ 1.27*6 7.62η λη∴ = = =
 And the yield strength of the new BRB system is now equal to: 
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/

2.1*1.86*386 198 (880 )
7.62

a
yb

S mV kips kN
η

= = =  

The actual BRB stiffness can now be calculated as: 
2 / * 2

/ sin 2 2 *29000*1.38*sin53 965 . (107222 . )
0.53*250

s b
b

ysc

b

n E AK kip in kN mm
L

H
L

θ= = =
⎛ ⎞
⎜ ⎟
⎝ ⎠

 

Then the yield displacement of the new BRB system can be calculated as: 

/

198 0.2 (5 )
965

yb
yb

b

V
in mm

K
Δ = = =  

The total stiffness can now be calculated as: 

965 390 1355 . (150556 . )tot b effK K K kip in kN mm= + = + =  

And the effective period of the retrofitted frame will be 0.2 sec < sT ” constant acceleration 

region”, which means that the assumed aS is the same as the actual. 

The Rd factor can now be calculated to take into account the equal energy theory. 

1 1.25*0.39 11 1.93 (AASHTO)
6 0.23 6dR ⎛ ⎞= − + =⎜ ⎟

⎝ ⎠  
The new target displacement would be equal to: 

.
2 2

2 2

1.93*2.1*0.2 *386 1.7 (42.5 )
4 4

d a eff
t

R S T
in mmδ

π π
= = =  

The new frame parameters can be calculated as follows 

1 11.93*2 0.86
1 1 3.5
⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠

f dRμ ξ
α  

/ 1 11.93*1.27*6 11.4
1 1 1 1 3.5
⎛ ⎞ ⎛ ⎞

= = =⎜ ⎟ ⎜ ⎟+ +⎝ ⎠ ⎝ ⎠
b dRμ λη

α
 

Then the value of maxμ would be equal to 11.4 13.3
0.86

= =b

f

μ
μ

 

Check for BRB strain according to the following equation: 

40 111.4*100 1.75%
29000 cos 26.6

⎛ ⎞⎛ ⎞∴ = =⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

ε  (which is slightly larger than 1.5%)
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3.6 Summary and Observations 

3.6.1 Summary 

Buckling Restrained Braces where proposed as a structural fuse for retrofitting RC bridge 

bents to increase their strength and stiffness, and to dissipate seismic energy through 

hysteretic behavior while the bridge piers remain elastic. A parametric study for a typical 

prototype RC bridge bent retrofitted using BRBs was conducted in section 3.2 to investigate 

trends in behavior as a function of key parameters defining the proposed structural fuse 

system while using BRBs of different stiffnesses and strengths as the energy dissipating 

fuses. Regions of admissible solution where plotted for different BRB strength and 

stiffnesses. Changing the column dimension and height was investigated. 

 

A more general parametric study, in terms of non-dimensionalized values was conducted in 

section 3.3 to consider general frame and BRB geometries. Key parameters that controls the 

behavior of the BRB as a structural fuse where identified, relationships between these 

parameters where investigated for the application at hand, and plots showing the regions of 

admissible solutions for several frame and BRB strengths and stiffnesses where constructed. 

The results were refined and validated using non-linear time history analyses in section 3.4 as 

a 9 compliant ground record was chosen to match the targeted response spectra, plots 

showing comparison of the time history results and the static procedure where introduced and 

validated with a numerical example. 

 

A retrofit design procedure was then introduced in section 3.5 and was illustrated by a flow 

chart showing the necessary steps for the retrofit procedure. 

 

3.6.2 Observations 

It was observed that for a given value of stiffness ratio, increasing the BRB ductility would 

result in increasing the BRB strength ratio and accordingly decrease the BRB strength, as in 

order to increase the BRB ductility while preserving the stiffness, a reduction in the BRB 

strength is required in order to decrease the BRB yielding displacement and accordingly 

increase the BRB ductility. While increasing the frame strength ratio for a given frame 

stiffness would result in decreasing the frame yielding strength and yielding displacement, so 
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for a given frame stiffness ratio, increasing the frame strength ratio would decrease the frame 

ductility.  

 

It was also observed that increasing the stiffness ratio corresponds to decreasing the frame 

stiffness, and for a given frame strength ratio, decreasing the frame stiffness would result in 

increasing the frame yielding displacement and also the frame ductility. 

 

It was also observed that for a given yielding length ratio and BRB area, increasing the 

column height would increase bμ , and bε , while it would decrease fμ , since increasing the 

column height would increase the target displacement, resulting in increasing the value of the 

BRB ductility as well as the BRB strain. Also increasing the column height would result in 

decreasing both of the stiffness and strength of the bare frame while at the same time increase 

its yielding displacement, this will result in decreasing the value of the frame ductility for a 

fixed period of the retrofitted frame. 

 

It was also observed that for a given yielding length of BRB, increasing the BRB area 

reduces fμ , bμ , and bε , since the structure becomes stiffer and the spectral target drift reduces. 

Likewise, for a given BRB area, decreasing c has the same effect. 

It was also observed that if the stiffness of the BRB is too small compared to that of the 

frame, a very large value of BRB to frame strength ratio is required to achieve the structural 

fuse concept which is almost impossible. 

 

3.6.3 Needed Research 

For the validation of the retrofit procedure, an experimental validation is then introduced in 

the next sections, where the structural fuse concept is implemented and tested on bridge piers 

to proof their efficiency. 
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SECTION 4  

STEEL PLATE SHEAR LINK (SPSL) 
 

4.1 Introduction 

Earthquakes can cause significant damage to bridge substructures which may cause collapse 

and loss of life. The ability of a system to deform inelastically without significant loss of 

strength or stiffness can improve its seismic response, avoiding catastrophic collapses. One 

major benefit of ductile inelastic deformations is that they can limit the forces transmitted to 

adjacent members, allowing them to be of more reasonable dimensions; also it provides 

hysteretic energy dissipation to the system.  

 

The concept of designing sacrificial members dissipating the seismic energy, while 

preserving the integrity of other main components, is known as the structural fuse concept. It 

was described in details in section 3. In this section, an innovative Steel Plate Shear Link 

(SPSL) is introduced. That new element is designed to act as a structural fuse dissipating all 

the seismic energy through inelastic shear deformation, while the rest of the bridge 

substructure remains elastic.  

The newly proposed structural fuse element is first described, and its shear-moment 

interaction equation is derived. Equations are then developed to determine some critical 

design parameters of the link, namely the balanced link length and balanced link edge angle 

which will be discussed later in this section. Equations deriving the link ductility and lateral 

stiffness and strength are then described. A preliminary finite element model is then 

presented to validate the proposed concept. 

 

4.2 Steel Plate Shear Link Description 

The proposed SPSL shown in figure 4-1 consists of a steel plate restrained from out of plane 

buckling. Out of plane buckling can be resisted using any type of material that has the 

sufficient lateral stiffness to resist the out of plane motion of the plate. For example concrete 
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encasement and an unbonding material to reduce friction between the steel and the concrete 

encasement can be used; thick steel plates could also be used to prevent the out of plane 

motion of the steel plate. The steel plate is designed to yield in shear, at a stress equal to 

0.6Fy dissipating the seismic energy.  

 
FIGURE 4-1 Proposed Link Sketch 

 

4.3 Shear-Moment Interaction 

Three types of plastic mechanisms can develop in laterally restrained links regardless of the 

shape of the cross section. The plastic mechanism that can develop depends mainly on the 

link length, and can be categorized as follows: 

• Flexural links (pure flexural yielding) developing full plastic moment hinges, Mp, at 

the ends of the links and a corresponding shear force less than the full plastic shear 

force, Vp. These links dissipate energy by flexural plastic rotation. 

• Shear links (pure shear yielding) developing full plastic shear force, Vp, over the 

entire length of the link, with corresponding moments at their ends less than the 

plastic moment reduced to account for the presence of shear, Mp
r. These links 

dissipate energy by shear plastic rotation. 

• Intermediate links, which are links yielding in both flexure and shear where, one 

yielding mode develops after the other mode strain hardens. 

 

Various experimental studies of link behavior by previous researchers reported that shear 

links exhibit the most stable and ductile cyclic behavior. For example, Kasai and Popov 

(1986a, b), and Whittaker et al. (1987) studied the behavior of shear links (short links) and 
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concluded that their inelastic shear strains are fairly uniformly distributed over the entire 

length of the link, which permits the development of large inelastic deformations without the 

presence of high local strains. It was reported that a well detailed link can sustain a plastic 

rotation of 0.1 radian without failure. Engelhardt and Popov (1989) studied the behavior of 

flexural links (long links) and concluded that the high bending strains that develops at their 

ends can only sustain inelastic deformations that corresponds to a plastic rotation of 0.02 

radian (about 5 times less than a shear link). 

 

Given that the ultimate failure mode for shear links is inelastic web shear buckling, to delay 

that failure mode, Kasai and Popov (1986a) recommended adding vertical stiffeners, and 

provided simple rules to calculate the stiffeners spacing as a function of the maximum 

inelastic link rotation.   

 

For the type of link proposed here, the web shear buckling is overcome by wrapping the steel 

plate with a material with sufficient lateral stiffness to overcome the out of plane buckling of 

the steel plate. 

 

Given that this type of link varies from those used in conventional eccentrically braced 

frames (EBF), it is necessary for design purposes and behavior study to formulate shear-

moment interaction equations for the proposed element. Shear-moment interaction equations 

have been previously studied for different hybrid steel sections; a lower bound interaction 

equation for hybrid built up I-sections was proposed in the ASCE special publication on 

plastic design in 1971 using the stress distribution shown in figure 4-2. Berman and Bruneau 

(2005) used a similar stress distribution to derive the interaction equation for shear links 

having hybrid tubular cross sections.     
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FIGURE 4-2 Assumed Normal and Shear Stress Distribution  

 

For the new type of shear link proposed here, a similar assumed stress distribution is chosen, 

as shown in figure 4-3. In this approach, shear yielding is assumed to occur over a depth of yo 

over the entire length of the link. Since the link is in double curvature, the mid-length point 

along the link is in pure shear, and moment increases from zero at this point to a value at the 

link ends equal to the plastic shear strength. The slope, θ, of the link edges must therefore 

vary linearly (like the moment diagram) to provide this needed moment strength. From that 

basis, the following equations can be derived:  

 
FIGURE 4-3 Assumed Stress Distribution in Mid and End plate 

 

 0 03
= =V ty tyστ  (4-1)     
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2
0

1 0 1( )
4

= + +V
y

tyM y t y yσ σ  (4-2) 

where V is the existing shear force along for section A-A, VM  is the corresponding  moment 

in presence of shear force for section B-B, and yσ is the yield stress of the plate. 

For comparison, the full plastic moment and full plastic shear can be derived as: 

 

 
2

0 1( 2 )
4p y

t y yM σ +=    (4-3) 

 1 0 1( )pr yM y t y yσ= +  (4-4) 

 03
y

pV ty
σ

=  (4-5)                   

                                          

where pM is the full plastic moment of section B-B, prM is the reduced plastic moment of 

section B-B due to the presence of full plastic shear and  pV  is the full plastic shear of section 

B-B. 

 

Given that equations (4-1) and (4-2) are linked to each other by the following Von Misses 

yielding criteria for plane stress elements:    

 

 2 23yσ σ τ= +  (4-6) 

equations (4-1) and (4-5) can be rewritten as: 

 
0

= V
ty

τ  (4-7) 

 0
3

p
y

ty V
σ

=  (4-8) 

                         

 

 

 

substituting equation (4-8) into (4-7), one obtains: 
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3

⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠

y

p

V
V

σ
τ  (4-9) 

substituting equations (4-9) in (4-6), the normal stress in the plate can be expressed as: 

 
2

1
⎛ ⎞

= − ⎜ ⎟⎜ ⎟
⎝ ⎠

y
p

V
V

σ σ  (4-10)                   

rewriting equation (4-3) as: 

 2
0 1

4
( 2 )y pM

t y y
σ

⎛ ⎞
= ⎜ ⎟+⎝ ⎠

 (4-11) 

and substituting equation (4-10) into equation  (4-2) to get:  

 
2

1 0 1( ) 1V
y y

p

VM y t y y
V

σ σ
⎛ ⎞

= + + − ⎜ ⎟⎜ ⎟
⎝ ⎠

 (4-12) 

equation (4-10) can be substituted into equation  (4-12), 

 
2

1 12
1

4 ( ) 1
( 2 )

V
p o

o P

VM M y t y y
t y y V

⎛ ⎞⎛ ⎞ ⎛ ⎞⎜ ⎟= + + −⎜ ⎟ ⎜ ⎟⎜ ⎟+ ⎝ ⎠⎝ ⎠⎝ ⎠

 (4-13) 

from which and interaction equation for the proposed element can be expressed as: 

 
2

1 1
2 2

1 1

4 ( ) 4 1
( 2 ) ( 2 )

V
o

p o o P

y y yM V
M y y t y y V

⎛ ⎞⎛ ⎞+ ⎜ ⎟= + − ⎜ ⎟⎜ ⎟+ + ⎝ ⎠⎝ ⎠

 (4-14) 

  Note that at V=Vp, MV would be equal to MPr. 

 

4.4 Shear Link Length 

As mentioned before, links could be categorized as shear, flexural, or intermediate links, with 

shear links having the most stable and ductile cyclic behavior. These can be defined as a 

function of the link length, e, in terms of the balanced length, e*, which is the point when the 

transition from flexural to shear yielding occurs. It can be calculated by considering the 

equilibrium of the free body diagram of the link shown in figure 4-4.  
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FIGURE 4-4 Free Body Diagram at the Balanced Link Length 

 

Neglecting the effect of axial load and the reduced plastic moment due to shear, the balanced 

length is calculated as: 

 * 2 p

p

M
e

V
=  (4-15) 

 

For the case at hand, substituting equations (4-3) and (4-5) into (4-15), *e  is found out to be 

 
2

* 0 1

0

( 2 )3
2

y ye
y

+=  (4-16) 

 where: 

 
*

1 tan
2
ey θ=  (4-17) 

substituting equation (4-17) into (4-16) and rearranging, the value of the balanced link length 

is found out to be 

 
* 2

* 0

0

3( tan )y ee
y

θ+=  (4-18) 

 

If the effect of the reduced plastic moment due to shear is taken into account, the balanced 

link length is calculated by substituting equation (4-4) and (4-5) into (4-15) and e* would be 

equal to: 

 * 1 0 1

0

2 3 ( )y y ye
y

+=  (4-19) 
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then substituting (4-17) into (4-19): 

 ( )*
2

2 1 3 tan
3 tan

oye θ
θ

= −  (4-20) 

 

The AISC has adopted this procedure for the design of wide flange links, with a margin of 

safety to account for strain hardening effects. As a result, per AISC, to insure shear yielding, 

the link length, e, must be less than or equal to
1.6 p

p

M
V

, while to insure flexural yielding the 

value of the link length, e, must be greater than or equal to
2.6 p

p

M
V

.  For values in between, 

(i.e. intermediate links), yielding will start as either flexure or shear but strain hardening will 

eventually lead to the development of joint shear and flexural yielding. To comply with the 

AISC seismic provisions (2005), the chosen link length, e, is taken as: 

 

 ( )2

1.6 1 3 tan
3 tan

oye θ
θ

≤ −  (4-21) 

 

4.5 Balanced Link Edge Angle 

Another important factor governing the behavior of the link is the link edge angle, θ. While 

changing the link length changes the behavior of the link from shear to flexure, changing the 

link edge angle, θ, changes the way yielding propagates in the plate. 

 

On the basis of the assumed stress distribution presented in section 4.3, for yielding to 

develop in the plate following the pattern shown in figure 4-5, where flexural and shear 

yielding occurs simultaneously, geometry of the link is defined by the balanced link edge 

angle, θb, which can be obtained from the equilibrium of the balanced link length shown in 

figure 4-6. 
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FIGURE 4-5  Proposed Yielding in Shear Link 

 
FIGURE 4-6 Assumed Stress Distribution at Balanced Link Edge Angle 

 

Rearranging equation (4-20) can be rewritten as 

 2 0
1 0 1 0

2 3
y ey y y+ − =  (4-22) 

then, substituting equation (4-17) into (4-22), an equation for the balanced link edge angle 

( bθ ) can be written as: 

 2 0 02 2tan tan 0
3b b

y y
e e

θ θ+ − =  (4-23) 
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from which values of bθ can be found with respect to oy
e

 , itself an expression of the aspect 

ratio of the link with large values of  oy
e

corresponding to deeper links. This relationship is 

plotted in figure 4-7. 

 

 
FIGURE 4-7 Balanced Link Edge Angle WRT Y0 /e  

 

It can be observed that the required balanced link edge angle increases rapidly for values of 

0y
e

<3, while for values of 0y
e

>3 the increase is slow, with the balanced link edge angle for 

values of 0y
e

>3 approaching 30 degrees. The physical significance of having actual angle 

values either equal, below, or above the balanced link edge angle value is discussed in section 

4.6. 

 

4.6 Shear Link Types 

Three types of shear links can be developed in relation to the link edge angle, θ. Note that the 

following is based on the assumption that all links will be designed to have a link length less 

than the balanced link length ( *e e≤ ) to ensure shear yielding (which is preferred over 
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flexural yielding). In the following, the link is divided into two parts: the middle part, 

corresponding to the rectangular middle portion of the link shown in white in figure 4-5, and 

the wedge parts shown as the triangular shaded areas on that figure. 

 

4.6.1 Links with Balanced Edge Angles (θ=θb) 

For links having a link edge angle equal to the balanced link edge angle, shear yielding will 

occur across the middle part of the web accompanied by flexural yielding in the wedge parts 

for equilibrium. Flexural and shear yielding will occur simultaneously across the whole plate, 

as shown in figure 4-8. 

 
FIGURE 4-8 Proposed Stress Distribution for links with θ=θb

 

 

4.6.2 Links with Over Balanced Edge Angles (θ>θb) 

For links having a link edge angle greater that the balanced link edge angle, per a lower 

bound approach, shear yielding is assumed to occur in the middle part of the plate, with a 

combination of normal and shear stresses developing in the wedge parts. In this particular 

case, yielding in the wedge part would occur if 2 23 yσ τ σ+ =  according to Von Misses 

yielding criteria depending on how much θ is greater than θb. While if 2 23 yσ τ σ+ < , no 

yielding will occur in the wedge parts and the plate will only experience shear yielding 

through the middle part. Figure 4-9 shows the proposed stress distribution for type (2) shear 

links. 
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FIGURE 4-9 Proposed Stress Distribution for links with θ>θb

 

 

4.6.3 Links with Under Balanced Edge Angles (θ<θb) 

For links having a link edge angle less that the balanced link edge angle, shear yielding is 

assumed to occur along a length, y, which is less than, y0. While a combination of shear and 

flexural stresses is assumed to occur in the wedge parts and in the remaining middle part (y0-

y), decreasing the angle, θ, will result in decreasing the shear yielding part of the web which 

is undesirable. Figure 4-10 shows the assumed stress distribution at bθ θ<  

 
FIGURE 4-10 Proposed Stress Distribution for links with θ<θb 

 

4.7 Link Rotation 

One of the most important desired characteristics of this proposed Steel Plate Shear Link 

(SPSL) is the ability to dissipate by hysteretic behavior the seismic energy of the earthquake 
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without introducing ductility in any other parts of the bridge piers. Expressions for the 

maximum ductility that a SPSL withstands were therefore developed in terms of the global 

dimensions of the bridge bent and the dimensions of the link itself. Figure 4-11 shows a 

typical SPSL introduced between two bridge pier segments per the strategy conceptually 

shown in Appendix A.  

 
FIGURE 4-11 Typical SPSL introduced between two bridge column segments 

The value of the link rotation,γ, in terms of the structure deformation can be derived from the 

geometry of the structure. No relative deformation is assumed to occur in the bridge pier 

segments adjacent to the links as they are considered rigid compared to the links. The link 

connection parts are also assumed to remain elastic; their relative deformations are ignored as 

they are relatively small compared to the plastic deformation in the links. The structure 

deformation can be considered by superposition of two effects, namely rotation of the bridge 

piers and relative vertical displacement between the bridge piers. 

 

4.7.1 Rotation of Bridge Columns 

First, rotation of the piers is considered as shown in figure 4-12, from which a value of the 

link rotation,γ, can be obtained as a function of the story drift, θ, as follows: 

Three shaded triangles shown and labeled in figure 4-12, are used to develop some geometric 

relationships. From triangle (1), the value of the vertical displacement, Z2, can be found to be 

equal to: 

 ( )2 radZ B Xθ= +  (4-24) 

where B is the bridge column width and X is the width of the unyielding part of the SPSL. 
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From triangle (2), the value of the vertical displacement, Z3, can be found to be equal to: 

 3 radZ Xθ=  (4-25) 

 

Finally, from triangle (3), the value of the vertical displacement, Z1, can be found to be equal 

to:  

 ( )( )1 2 cosradZ L B Xβ θ= − +  (4-26) 

also, 

 ( )1 2 3 2radZ Z Z B Xθ= + = +  (4-27) 

 

From equations (4-26) and (4-27), the value of the angle, β, can be found to be equal to: 

 ( )
( )

2
2 cos

rad
rad

B X
L B X

θ
β

θ
+

=
− +

 (4-28) 

and since the value of the link total rotation,γ, is equal to: 

 rad rad radγ θ β= +  (4-29) 

substituting equation (4-28) into (4-29), the value of the link rotation is found to be equal to: 

 ( )
( )

2
2 cos

rad
rad rad

B X
L B X

θ
γ θ

θ
+

= +
− +

 (4-30) 

let: 

 ( ) '2 cosL B X eθ− + =  (4-31) 

substituting (4-31) into (4-30), then the value of the link rotation can be rewritten as: 

 ( )
'

2rad
rad rad

B X
e

θ
γ θ

+
= +  (4-32) 

rearranging the equation:  

 
'

' '

2 21rad rad rad
B X e B X

e e
γ θ θ ⎛ ⎞+ + +⎛ ⎞= + = ⎜ ⎟⎜ ⎟

⎝ ⎠ ⎝ ⎠
  (4-33) 

which is the value of the story drift due to rotation of the columns. An approximate value 

could also be estimated by assuming that e’ is equal to e*, which is a reasonable estimate 

given that the angle θ is small (i.e. about 2 degrees, which corresponds to 0.035 radians or 

3.5% story drift). Since θ is small, cosθ tends to 1 and by substituting cosθ=1 into equation 

(4-31): 

 ( )' 2e L B X e= − + =  (4-34) 
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substituting equation (4-34) into (4-33): 

 2
rad rad rad

e B X L
e e

γ θ θ+ +⎛ ⎞ ⎛ ⎞= =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 (4-35) 

 

Since the story drift, θ, is related to the lateral displacement, Δ, by the height, h, at which the 

SPSL is installed, 

 rad h
θ Δ=  (4-36) 

the relationship between the horizontal displacement and the link total rotation can be found 

as: 

 rad
L

he
γ Δ=  (4-37)   

 
FIGURE 4-12 Link Deformation due to Rotation of Bridge Columns 

 

4.7.2 Relative Vertical Displacement of Bridge Columns 

Second, relative vertical displacement could occur between the bridge piers as shown in 

figure 4-13; this could result from elongation and contraction of the columns due to the axial 

forces induced by the overturning moment acting on the structure. This vertical displacement 

also contributes to the value of the link rotation, γ, as follows: 

 
e
δγ =  (4-38) 



120 

where δ is the relative vertical displacement between the bridge piers. 

 

This value of link rotation, γ, is added to the value of link rotation obtained from the previous 

section, and the total value of link rotation, γtot, can be found as: 

 1
tot

L L
he e e h

δγ δΔ Δ⎛ ⎞= + = +⎜ ⎟
⎝ ⎠

 (4-39) 

 
FIGURE 4-13 Link Deformation due to Relative Vertical Displacement of Bridge 

Columns 

 

4.8 Link Ductility 

Since the purpose of the SPSL is to introduce ductility to the system to dissipate the seismic 

energy without introducing any plastic deformation to the piers, and since the amount of 

plastic rotation of the SPSL is tied to the drift of the pier as mentioned, it is necessary to limit 

drift to not exceed the columns yield drift, Δyf, so that the columns remain elastic. 

Consequently, the maximum amount of plastic rotation produced by the SPSL is limited to: 

 max
1 yf L
e h

γ δ
Δ⎛ ⎞

= +⎜ ⎟
⎝ ⎠

 (4-40) 

To find the value of the link ductility, the maximum SPSL rotation is divided by the yield 

SPSL rotation, γy, which is found as: 
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 y
y G

τ
γ =  (4-41) 

where τy is the yield shear stress of the SPSL, and G is the shear modulus calculated as: 

 
2(1 )

EG
ν

=
+

 (4-42) 

 

 From equations (4-40) and (4-41) the value of the SPSL ductility, μlink, can be found as: 

 max yf
link

y y

LG
e h

γμ δ
γ τ

Δ⎛ ⎞
= = +⎜ ⎟

⎝ ⎠
 (4-43) 

and the plastic link rotation, γp,  can be found as: 

 maxp yγ γ γ= −  (4-44) 

 

4.9 SPSL Lateral Strength and Stiffness 

Adding SPSLs to the bridge column increases the elastic lateral stiffness of the total system. 

Unlike ductility demand, which varies in each SPSL depending on its location along the 

height of the pier, the elastic lateral stiffness of a SPSL is constant regardless of its location. 

Assuming that the total system behaves as a cantilever beam before yielding in the SPSLs 

takes place, with the columns being the flanges of the beam and the web being the SPSLs, a 

constant shear force exists along the height of the web, from which follows that the 

contribution of the SPSLs to the total elastic stiffness of the system is constant for each SPSL 

regardless its height along the columns. 

 

4.9.1 SPSLs Restrained from Out of Plane Motion 

The contribution of the restrained SPSLs to the elastic lateral stiffness of the total system can 

be calculated by finding the value of the seismic lateral load resisted by the link divided by 

the maximum lateral displacement of the bridge bent. To illustrate this, a Free Body Diagram 

(FBD) for a bridge bent before adding the SPSLs is shown in figure 4-14, where the columns 

maximum strength, VDf, can be calculated from the following equation:  

 
4 P

Df
tot

MV
H

=  (4-45) 
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and where Htot is the total height of the columns. 

 

First, the columns effective lateral stiffness, Keff, can be calculated from the following 

equation: 

 3

24 eff
eff

tot

EI
K

H
=  (4-46) 

 
FIGURE 4-14 Free Body Diagram for the Bare Frame 

 

Figure 4-15 shows a FBD of one of the columns after adding one restrained SPSL, from 

which the maximum system base shear, VDt, can be calculated by taking the moment around 

the base of the column as: 

 4 2
3
yP

Dt o
tot tot

M e XV ty
H H

σ ⎛ ⎞+= + ⎜ ⎟
⎝ ⎠

 (4-47) 

 

It can be seen that the first term of the equation represents the maximum bare frame shear 

strength, from which it is concluded that the contribution of one laterally restrained SPSL to 

the maximum base shear strength, VDS, is calculated as: 

 2
3
y

DS o
tot

e XV ty
H

σ ⎛ ⎞+= ⎜ ⎟
⎝ ⎠

 (4-48) 

tot 
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The total base shear due to adding multiple SPSLs could be calculated by multiplying the 

base shear contribution of the SPSL from equation (4-47) by the number of added links, n, as 

follows: 

 4 2
3

yP
Dt o

tot tot

nM e XV ty
H H

σ ⎛ ⎞+= + ⎜ ⎟
⎝ ⎠

 (4-49) 

 

Knowing that the value of the lateral displacement, Δ, is given by: 

 
( )

1 *
2rad tot tot

ZH H
B X

θΔ = =
+

 (4-50)   

the contribution of a single SPSL to the total system’s lateral stiffness can be determined as:  

 ( )( )
2

1

2 23
y

o
Ds

b
y tot

ty B X e XVK
Z H

σ⎛ ⎞
⎜ ⎟ + +
⎜ ⎟= =

Δ ⎜ ⎟
⎜ ⎟
⎝ ⎠

 (4-51) 

where Kb is the lateral stiffness of the SPSL, Z1y is the yield vertical displacement of the link, 

and  
o

1y

ty
3
Z

yσ⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠

is the vertical stiffness of the SPSL, verK , which can be determined by 

dividing the yield shear force of the SPSL by the yield shear displacement as follows: 

 0
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3 3 3
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y y y
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Z e e
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σγ
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⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎝ ⎠

 (4-52) 

 

By substituting the value of verK  into equation (4-46) and rewriting, the value of the elastic 

lateral stiffness contribution of a single SPSL to the total system can be written as: 

 ( )( )0
2

2 2
b

tot

Gty B X e X
K

eH
+ +

=  (4-53) 
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Again, the total elastic stiffness due to adding multiple SPSLs could be calculated by 

multiplying the elastic stiffness contribution of the SPSL from equation (4-53) by the number 

of added links, n, as follows: 

 ( )( )0
2

2 2
tot eff

tot

nGty B X e X
K K

eH
+ +

= +  (4-54) 

 

 
FIGURE 4-15 Free Body Diagram of Column with SPSL (With Restraints) 

 

4.9.2 SPSLs Not Restrained from Out of Plane Motion 

When the SPSLs are not restrained against out-of-plane motion, tension filed action instead 

develop in the links after buckling occurs due to inherent initial imperfections. This buckling 

results in a decreased contribution of the links to the lateral strength and stiffness of the total 

system. Figure 4-16 shows a schematic diagram of the forces acting in a SPSL due to the 

tension field action. The strip width, S, is assumed to be equal to 1/3 of the total width, D. 

This is an assumption based on the FEM results for the SPSLs described in section 4.11.4.3, 

as it was observed that the tension field in the plates is present in a strip with width of 

approximately 1/3 of the total width, at inclined by an angle, α, ranging from 40 to 60 

degrees. 

tot 
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Figure 4-17 shows a FBD of one of the columns with laterally unrestrained SPSLs, from 

which the maximum system base shear, VDt, can be calculated by taking the summation of the 

vertical forces as: 

 4 ( )sinP
Dt y

tot tot

M LV n tS
H H

= + σ α  (4-55) 

Since the first term of the equation represents the maximum bare frame shear strength, the 

contribution of the laterally unrestrained SPSLs to the maximum shear strength, VDS, is 

therefore given by: 

 sinDS y
tot

LV n tS
H

⎛ ⎞
= σ α⎜ ⎟

⎝ ⎠
 (4-56) 

 

Again knowing that the value of the lateral displacement, Δ, is given by: 

 
( )

1

2
tot

rad tot
Z HH
B X

θΔ = =
+

 (4-57)   

the value of the lateral stiffness of a single SPSL can be determined as:  

 
( )

2
1

2 sinyDs
b

y tot

tS B X LVK
Z H

σ α+
= =

Δ
 (4-58) 

where 
1y

tSsin
Z

yσ α⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

is the vertical stiffness of the SPSL, verK , and equal to:  
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y y
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Z e e

e
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σγ
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⎜ ⎟
⎝ ⎠

 (4-59) 

 

By substituting the value of verK  into equation (4-58) and rewriting, the value of the elastic 

lateral stiffness contribution of a single unrestrained SPSL to the total system elastic lateral 

stiffness can be written as: 

 ( )
2

tS 2 Lsin
3b

tot

B X
K G

H e
α+⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 (4-60) 
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FIGURE 4-16 Forces Acting on SPSL after Initiation of Buckling 

 

 
FIGURE 4-17 Free Body Diagram of Column with SPSL (No Restraints) 

 

tot 
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4.10 Over-strength 

The calculated plastic shear capacity, Vp, can differ from the maximum shear strength 

developed by the link, Vmax ; this is due to several factors including the strain hardening of the 

material at large plastic deformations, and the fact that steel typically has an actual yield 

strength that exceeds its specified value. The ratio of the maximum shear strength developed 

by the link to the plastic shear strength is denoted as the over-strength factor, Ω, where: 

 max

p

V
V

Ω =  (4-61) 

 

 Underestimating the over-strength can lead to deficiencies in the design as failure modes 

could occur in undesired locations, such as the connection between the link and the columns. 

For the current design purpose (such as design of the connections and other capacity-

protected elements of the structural system), an estimated over-strength factor of 1.5 was 

assumed for the SPSLs, which includes the strain hardening factor and the ratio of expected 

to specified strength, Ry, value according to the steel grade being used; for the A572Gr.50 

steel used here, this value was assumed to be 1.1.  From which the total shear strength of the 

SPSLs to be considered for capacity design principles, VDS, can be rewritten as: 

 2
3DS y o

tot

e XV n ty
H

⎛ ⎞+= Ωσ ⎜ ⎟⎜ ⎟
⎝ ⎠

     (Restrained SPSLs) (4-62) 

 sinDS y
tot

LV n tS
H

⎛ ⎞
= Ωσ α⎜ ⎟

⎝ ⎠
  (Unrestrained SPSLs) (4-63) 

 

4.11 Finite Element Model   

A preliminary finite element analysis was conducted to validate the SPSL concept proposed 

above before moving on to the experimental phase of this research. This was deemed 

necessary to develop some confidence that the newly proposed system could works as 

expected and that yielding would occur in pure shear in the middle part of the SPSL (and that 

pure flexure yielding would develops simultaneously in the wedge parts in the case of a 

balanced link edge angle SPSL). This was also done to better quantify the width of the 

tension field strip that is expected to develop for the case of the unrestrained SPSL.  
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Two finite element models have been developed, both having the same exact dimensions and 

having a balanced link edge angle. The first was restrained against lateral buckling (i.e. no 

lateral displacement movement was allowed during the analysis), while the second was free 

to move in the lateral direction and consequently buckle. 

 

4.11.1 Geometry Definition and Meshing 

Geometry of the models was chosen to satisfy equations (4-18) and (4-23) which resulted in a 

SPSL of y0 equal to 412mm (16.5”), and a link length, e, equal to 400mm (16”). The link edge 

angle, θ, was chosen to be equal to θb; which is approximately 25 degrees. An arbitrary 

thickness of 5mm (3/18”) was also chosen for the analysis. 

 
ABAQUS/CAE was used to represent the finite element models of the SPSLs. First the Part 

Module option of ABAQUS was used to define two parts in the SPSL model, one being the 

yielding portion of the link and the other being the thicker connection part of the link which 

contains the bolt holes and is required to remain elastic during the analysis.  

 

Using the Assembly Module option of ABAQUS, the parts were then positioned relative to 

each other in a global coordinate system; the connection part was used twice in the assembly, 

once at each end of the link. After that, the Interaction Module was used to connect the parts 

using a Tie Constrain option that allows the merging of the interface nodes. Meshing was 

then generated using the Mesh module option, for which “seeding” of the edges was done by 

specifying the number of seeds desired along all the edges.  

 

4.11.2 Material Definitions 

An Elasto-perfectly Plastic material of yield strength equal to 350 MPa (50 ksi) was first 

chosen to validate the equations proposed in sections 4.4 and 4.5 for calculating the plastic 

moment and plastic shear of the SPSLs. The Von Misses yield criteria was chosen to define 

the plastic behavior of the link, as commonly done for steel. Poisson’s ratio was assumed to 

be equal to 0.3, which is typical for structural grade steel.   
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4.11.3 Boundary Conditions and Loading  

Using the Load Module option in ABAQUS, boundary conditions were specified by 

restraining all the nodes at one end of the link against displacement and rotation, and 

restraining all the nodes at the other end against rotation and translation in the X and Z 

directions while allowing translation in the vertical Y direction. The combination of these 

boundary conditions introduced constant shear on the link with equal end moments. Axial 

load was neglected in the analysis. For the case of the restrained SPSL, the Load Module was 

also used to constrain displacement in the Z direction along all the nodes of the SPSL, 

allowing the model to replicate the out-of-plane restraining condition. While for the case of 

the unrestrained SPSL, all the nodes where free to move in all direction, and an initial 

imperfection was introduced to the model to initial the out-of-plane buckling that was 

expected to occur.  

 

“Loading” was applied for all models as a vertical monotonic  displacement on a reference 

point RF1, defined as a master point, to which were slaved all the other nodes along the edge 

free from the vertical restrain. Loading was up to a total rotation of 0.13 rad, which was an 

arbitrary chosen value at which it was decided to stop the analysis.  

 

4.11.4 Analysis 

4.11.4.1 Element Definition and Meshing 

Using the previously defined material, preliminary models where constructed using several 

mesh refinements to investigate the convergence of the models and select a final mesh 

refinement that could accurately represent the behavior of the SPSL with reasonable machine 

running time. For both the restrained and the unrestrained SPSLs, a mesh was chosen with 

element edge length of approximately 2”, denoted as Mesh 1as shown in figure 4-18(a). 

Another mesh was then developed by halving all the elements to obtain the mesh shown in 

figure 4-18(b) and denoted as Mesh 2, another mesh was then developed by halving the 

elements of Mesh 2 to obtain the mesh shown in figure 4-18(c) and denoted as Mesh 3. S4R 

shell elements were used for all the models.  

 

The S4R element is a four node doubly curved general purpose shell element with reduced 

integration and hourglass control. It is similar to the S4 element but with one integration point 
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instead of four. If the meshing is well distributed and the elements are not distorted, reduced 

integration with hourglass control can provide fairly accurate results with a significant 

reduction of running time. 

 

 

   
(a)                                           (b)                                               (c) 

FIGURE 4-18 Mesh Refinements; (a) Mesh 1, (b) Mesh 2, (c) Mesh 3 

 

Newton’s method was used to solve the nonlinear equations using a series of time increments 

for the monotonic loading analysis. Results for the link shear versus average link rotation 

were then compared between Meshes 1, 2 and 3 for both restrained and unrestrained SPSLs, 

as shown in figures 4-19 and 4-20 respectively. Minor difference is observed in the global 

behavior of the restrained SPSL when changing the mesh size as seen in figure 4-19, while it 

can be seen from figure 4-20 that for the case of the unrestrained SPSL, Mesh 1 does not give 

an accurate estimate in capturing the local buckling of the SPSL, while difference between 

Mesh 2 and Mesh 3 was negligible which indicates that the mesh has converged. Due to the 

much greater running time of Mesh 3, Mesh 2 was preferred of the other two to represent the 

behavior of the unrestrained SPSL. In other words, Mesh 2, with its approximate element 

lengths of 1” for the largest element used, was retained to represent the SPSLs behaviors 

under investigation. 
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FIGURE 4-19 Link Shear vs. Total Link Rotation Comparison for Different Meshes of 

the Restrained SPSL 

 

 
FIGURE 4-20 Link Shear vs. Total Link Rotation Comparison for Different Meshes of 

the Unrestrained SPSL 
4.11.4.2 Restrained SPSL Behavior Analysis 

Longitudinal and shear stress plots where developed at sections 1-1 and 2-2 shown in figure 

4-21. Figure 4-22(a) shows the shear stress plot at mid-length of the link, identified as section 
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2-2 in that figure. The maximum shear strength observed can be calculated by integrating the 

shear stress plot at section 2-2 shown in the figure by: 

 max 12
0

H

V tdyσ= ∫  (4-64) 

 

The value of the maximum shear force that was calculated from equation (4-64) is 405 kN 

(91 kips), and can also be seen in figure 4-19; the theoretical value of the plastic shear force 

calculated using equation (4-5) was found to be equal to 397 kN (90 kips).  

 

 The corresponding value of the plastic moment reduced by the presence of large shear 

stresses at the ends of the links (section 1-1) was calculated by integrating the longitudinal 

stress plot in figure 4-22(b) by: 

 
2

max 11
0

2
H

M tydyσ= ∫  (4-65) 

 

The value of the plastic moment was calculated as 720 kip.in, compared to 712 kip.in 

calculated using equation (4-4). 

 
FIGURE 4-21 Sections for Longitudinal and Shear Stress Distribution 
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                                         (a)                                                                 (b) 

FIGURE 4-22  Stress Distribution; (a) Shear Stress at Section 1-1, (b) Longitudinal 

Stress at Section 2-2  

 

Contour plots for the longitudinal and shear stresses at a total link rotation of 0.13 rad are 

shown in figure 4-23. It can be seen from the plots that pure shear yielding is occurring in the 

middle part of the SPSL, while pure flexural yielding is occurring in the wedge parts. 

 

The progressive increase of plastic link rotation as the loading is increased can be observed 

through figure 4-24, where yielding is observed to start at an average link rotation, γav, equal 

to 0.003, propagating along the mid section of the link upon increases in link rotation, 

progressively widening across the link until the link is fully plastified at a link rotation of 

approximately 0.035 rad. Yielding upon further plastic link rotation progresses across the 

entire link until the value of 0.13 rad is reached. Spreading of yielding across the whole link 

tends to increases the energy dissipation capability of the link and allows it to reach high 

values of plastic link rotation.  

 

Obviously, these predicted responses rely on the adequacy of the restraint system to prevent 

out-of-plane buckling; the experimental studies will allow assessing some of the conditions 

for which such restraints are effective.  
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                                                  (a)                                                                (b) 

FIGURE 4-23 Stresses for the Restrained SPSL at a Total Link Rotation of 0.13 rad; (a) 

Longitudinal Stresses, (b) Shear Stresses 

 

      

       

FIGURE 4-24 Propagation of Plastic Link Rotation 
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4.11.4.3 Unrestrained SPSL Behavior Analysis 

As observed in figure 4-20 the load increases with respect to the total link rotation and the 

SPSLs behaves similarly to the restrained one up to a point where the geometric 

nonlinearities force the SPSL to buckle out-of-plate, at which point a drop of strength is 

observed (at 0.004 rad in that particular example) and the SPSL starts yielding by tension 

field action.  Depending on the magnitude of initial imperfection introduced in the analysis, 

and for large plate slenderness, the peak value would typically not occur as the plate would 

transition “smoothly” into its buckled and diagonal tension mode (e.g. Vian and Bruneau 

2005). Figure 4-25 shows the principal stress distribution for the unrestrained SPSL at a total 

link rotation of 0.13 rad. A tension field strip is observed in the figure with a strip width of 

approximately 1/3 the SPSL diagonal length, D.  

 

Figure 4-26 shows the maximum in-plane principal stresses of the unrestrained SPSL at 

different total rotation levels. It can be seen that up to a total rotation of 0.004, the SPSL is 

behaving as a restrained SPSL, and that a tension field strip develops at larger rotations after 

buckling is initiated. 

 

From figure 4-16, the unrestrained SPSL shear force value after buckling occurs can be 

calculated as: 

 max sinyV tSσ α=  (4-66) 

where S is calculated from the finite element model to be equal to 1/3D, and the strip is 

inclined with an angle α equal to approximately 55 degrees.  

 

From equation (4-66), the value of the unrestrained SPSL force is found to be equal to 347kN 

(78 kips) compared to the 330 kN (74 kips) seen in figure 4-20 This value is about 80% of the 

total strength obtained if the link was restrained against out-of-plane buckling. A comparison 

between the strengths of both links is shown in figure 4-27. 
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                                                          (a)                                                       (b) 

FIGURE 4-25 Unrestrained SPSL at a Total Link Rotation of 0.13 rad; (a) Max In-

Plane Principal Stresses, (b) Principal Stresses Orientation 

 

     
              γtot=0.004 rad                        γtot=0.00625 rad                        γtot=0.025 rad 

   
            γtot=0.0625 rad                         γtot=0.085 rad                          γtot=0.13 rad 

FIGURE 4-26 Max. In-Plane-Principal Stresses at various Total Link Rotation Levels 
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FIGURE 4-27 Comparison between Strengths of Restrained and Unrestrained SPSLs 

 

 

4.12 Summary 

In this section, an innovative Steel Plate Shear Link (SPSL) concept has been introduced, and 

its shear-moment interaction equation was derived. Equations were then developed to 

determine some critical design parameters of the link, namely the balanced link length and 

balanced link edge angle. Equations deriving the link ductility and lateral stiffness and 

strength were then described. A preliminary finite element model was used to investigate the 

adequacy of these equations and validate to a limited extent the proposed concept. Further 

experimental and analytical investigation validating the proposed SPSL concept is described 

in sections 5, 6 and 9. 

 

 

 

20% 
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SECTION 5  

EXPERIMENTAL DESIGN AND SETUP 

 

5.1 General 

This section describes the design and detailing of two large-scale twin-column segmental 

bridge bent specimens per the strategy conceptually shown in Appendix A, having either 

Steel Plate Shear Links (SPSLs) or Buckling Restrained Braces (BRBs) as a series of 

structural fuses between the columns, and subjected to quasi-static cyclic tests. The columns 

used for the experiments were built with segments of Bi-Steel sections described in section 

5.2; these sections were stacked on top of each other and connected by welding, then filled 

with concrete. The design of the specimens was partly controlled by limitations in the 

capacities of the strong wall, strong floor, and actuators available at the Structural and 

Earthquake Simulation Laboratory (SEESL) at the University at Buffalo, and partly by the 

theories developed earlier in section 3.  

 

Here, three quasi-static tests were to be performed: 

• For the 1st  specimen (S1), it was planned to perform the test using SPSLs restrained from 

out of plane buckling and installed between the columns as a series of structural fuses 

until the onset of columns yielding. The test was then planned to continue until column 

failure investigating the behavior of Bi-Steel columns under cyclic loading. Due to 

unexpected weld failures described later in section 6, three tests were performed. For the 

first test, SPSLs were installed between the columns as a series of structural fuses until 

unexpected weld failure occurred at one the lower column splices in the elastic zone of 

both the links and the columns. The buckling restraints were then removed for reasons 

explained in section 6, and the second test was performed up to a drift corresponding to 

the onset of column yielding to investigate the effectiveness of adding the fuses in 

dissipating the seismic energy. The third test started from that point, with the SPSLs still 

in place until column failure. 

• The 2nd specimen (S2) was then installed and tested utilizing BRBs as a series of 

structural fuses (S2-1).  
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• The BRBs were then removed and bare frame cyclic test (S2-2) was performed until 

reaching failure of the columns.  

 

The selected prototype bridge is described in section 5.3, followed by the tested specimen’s 

dimensions in section 5.4. Design and detailing of the test specimens and fuses are presented 

in sections 5.5 to 5.7. Monotonic coupon test results for the material used in the fabrication 

of the Bi-Steel panels, SPSLs and BRBs are presented, together with cylinder tests for the 

concrete used in the Bi-Steel panels (section 5.8). Test setup construction (section 5.9), and 

instrumentation used to capture data (section 5.10) is described, including strain gauges, 

string displacement potentiometers, the Krypton dynamic measurement device, and video 

recording. The experimental data, as well as the analytical data that will be presented in later 

sections, will be used to assess the adequacy of the design recommendations as well as the 

effectiveness of adding structural fuses to bridge bents for seismic energy dissipation, 

providing an insight into the general behavior of the structural fuse system. 

5.2 Bi-Steel Panels 

Bi-Steel is a system of double skin steel–concrete–steel high performance rapid erect panels. 

These panels are composed of steel plates connected by an array of transverse friction welded 

shear connectors and filled with concrete. This system could be beneficial when strength or 

speed of construction is of vital importance.  The panels can be quickly and easily fabricated 

on or off-site to create a wide range of structures. For most applications the Bi-Steel panels 

are filled with concrete after installation.  It is this combination of a permanent steel 

formwork and concrete fill which makes Bi-Steel easy to erect and reduces the construction 

time that makes it a possible alternative to the pre-tensioned prefabricated segmental concrete 

columns which are often used for accelerated bridge construction. Figure 5-1 shows a typical 

panel of the Bi-Steel system. Such panels are available in a variety of dimensions, thicknesses 

and bar spacing, table 5-1 shows the ranges available for Bi-Steel Panels. 

 

The Bi-Steel system is suited to extensive pre-fabrication (e.g. penetrations, attachments, 

connections and coatings) prior to site delivery. A major objective in using Bi- Steel is to 

minimize site work and hence site time, as accelerated construction is of major importance 

these days. 
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FIGURE 5-1 Typical Bi-Steel Panel (Bowerman et al. 1999)  

 

 

TABLE 5-1 Range available for Dimensions, Thicknesses and bar Spacing  (Bowerman 

et al. 1999) 

 

5.3 Prototype Bridge 

The Prototype Bridge considered is a continuous bridge having three equal spans of 36m (120 

ft), and two 9m (30 ft) high twin-column pier bents. The gravity load design (dead and live 

loads) has been done according to the AASHTO LRFD (2009) bridge design specifications 
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and the columns were designed as composite rectangular columns using Bi-Steel panels. 

Figure 5-2 shows an elevation of the prototype bridge bent considered. Appendix B shows a 

detailed step by step design of the proposed Prototype Bridge. For a single twin-column, the 

bare frame base shear, Vyf was found to be equal to 1700 kN (382 kip) at a yield displacement 

of 88mm (3.5”). Recall that Vyf was defined in section 3.2.1. 

 
Dimensions in m (ft) 

FIGURE 5-2 Prototype Bridge Bent  

 

5.4 Specimen Dimensions and Scaling 

While it is often desirable to build the largest possible specimen for an experimental 

investigation, in most cases, there are many limitations (such as dimensional restraints and 

loading equipment capabilities, not to forget cost of specimens) that constrain the size of a 

model. A 2/3 scale for the geometric properties of the specimen was chosen due to the 

limitations available at SEESL at the University at Buffalo. The height of the strong wall 

being 9.14m (30ft), the height of the specimen was set to be 7.62m (25ft) (leaving some 

distance under the overhead crane to facilitate construction). Also the specimen was designed 

for a maximum horizontal force of 1777 kN (400kips), leaving a generous margin against 

specimen over-strength when using 2 actuators available at SEESL each with a capacity of 

1777 kN (400kips).  
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Note that it would have not been possible to build a much smaller specimen due to the 

limitations mentioned above in table 5-1 for the Bi-Steel panels’ dimensions, thicknesses, and 

bar spacing. Specifically, Ly (Figure 5-1) has a minimum length of 600mm and was actually 

the controlling dimension for the sizing of the specimen. 

 

Appendix B shows a detailed step by step design of the specimen. The bare frame yield base 

shear, Vyf was found to be equal to 730 kN (165 kip) at a yield displacement of 75mm (3”), 

while the maximum base shear, VDf, was calculated as 810 kN (182kips).  

 

5.5 Design of Test Specimens 

5.5.1 Column Segments 

Segmental columns were used for the purpose of this experimental study; each column 

consisted of four Bi-Steel segments fabricated with different heights, and all having the same 

cross sectional dimension. While it would have been possible to have the columns 

constructed as continuous over their entire height, the segmental approach was deliberate to 

illustrate the construction procedure that could be followed on-site in the perspective of 

accelerated bridge construction for taller piers.  

 

The cross section consists of a 600mm x 400mm (24”x16”) Bi-Steel panel, with steel plate 

thickness equal to 8mm (5/16”) with 25mm (1”) diameter shear connector bars spaced at 

200mm (8”) c/c in both directions. The lower column segment height was 815mm (32.6”) as 

shown in figure 5-3, allowing 600mm (24”) to be embedded in the foundation base (FB), and 

215mm (8.6”) above the FB to be connected to the above segment. The following two middle 

segments were designed to be 2600mm (104”) long, as shown in figure 5-4, while the upper 

column segment was set to be 1600mm (64”) long, as shown in figure 5-5. For each column 

segment, the lower end was beveled to allow full penetration weld with the above segment, 

while a backup bar was connected to the upper end of each segment to facilitate the assembly 

and welding procedure for the column segments. The column splice detail is shown in figure 

5-6. Note that the beveling detail was done according to the Bi-Steel design manual and 

procedures, which use a 2mm flat edge at the end of the bevel accompanied by a 2mm gap 

between the connected plates to achieve a full penetration weld. The Bi-Steel design manual 

also states that the beveled plate should be the upper one when connecting two vertical plates. 
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Although this was recognized to be different than U.S. practice for beveled edges, the 

certified welders of the SEESL facility at UB were confident that they could “burn through” 

to achieve the full penetration required. A slight perceived advantage of this splice detail is 

that it requires a lesser amount of deposited weld metal, but a disadvantage is that it requires 

tight tolerance control to fit the welded parts on top of each other and to achieve the required 

2mm gap for the full penetration weld. Note that dimensions on all drawings for the rest of 

this section are in U.S. units, although both sets of units are provided in the text. Incidentally 

the Bi-Steel panels were detailed and manufactured in the UK using metric dimensions using 

soft conversions from the U.S. unit dimensions with some rounding-off to the nearest 5mm. 

The panels were shipped from the UK to the SEESL in Buffalo. Future panels for such 

applications could be provided from a Corus Bi-Steel manufacturing facility that is being 

contemplated for the U.S.A. 

 
FIGURE 5-3 Lower Column Segment  
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FIGURE 5-4 Middle Column Segment  

 

 
FIGURE 5-5 Upper Column Segment  
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                     (a)                                                      (b) 

FIGURE 5-6 Column Splice Detail; (a) Flat Back-up Bar, (c) Weld Close-up 

 

5.5.2 Cap Beam (CB) 

The cap beam consists of three parts, all of the same height of 1250mm (50”), with different 

widths. The middle and left part have a width of 600mm (24”), while the right part near the 

wall has a width of 750mm (30”), as shown in figure 5-7. The length of the cap beam was 

designed to be relatively rigid compared to the column segments and also to resist Mp and Vp 

of the columns, while remaining elastic. 
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FIGURE 5-7 Connection between the Cap Beam and the Specimen (Elevation View) 
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5.5.3 Loading Beam (LB) 

Two MTS servo-controlled static rated actuators each with a load capacity of 1777 kN (400 

kips) and an available stroke of ±500mm (20”) were used to apply lateral loads to the 

specimens. A Loading Beam (LB) was necessary to transfer the load from the two actuators 

to the specimen as shown in figure 5-8. The LB was designed to remain elastic and to 

experience negligible deformations during the testing procedure (i.e. rigid beam). The LB 

was connected to the CB using four 35mm (1 3/8”) diameter threaded rods pretensioned to 

0.6 of their yielding stress, to ensure that no separation would occur between the LB and the 

specimen while pulling the actuators. For added safety the LB was welded from both sides to 

the specimen using 275mm (15”) long, 12.5mm (0.5”) fillet welds. Also it was connected to 

each actuator using four threaded rods of 35mm (1 3/8”) diameter. The resulting loading 

beam design was a Bi-Steel beam of dimensions 2500mm x 1000mm (100”x40”) with a depth 

of 600mm (24”) and plate thickness of 12.5mm (0.5”). 

 
FIGURE 5-8 Connection between LB, Specimen and Actuators (Plan View) 
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5.5.4 Foundation Base (FB) 

The Foundation Base (FB) was designed to remain elastic for the maximum actuator load that 

could be applied to the specimen with a factor of safety of 1.5. A total number of 16 Dywidag 

bars with a diameter of 35mm (1 3/8’’) were used to tie the FB to the strong floor of the 

SEESL, and pre-tensioned to 60% of their yielding stress, which was sufficient to overcome 

the uplift and sliding forces produced by the actuator. The resulting design made use of a 

4250mm (170”) long, 1850mm (74”) wide, and 600mm (24”) deep Bi-Steel panel with a plate 

thickness of 12.5mm (0.5”) as shown in figure 5-9. An 2162.5mm x 980mm (86.5”x39.2”) 

rectangular hole was cut in the plate of the FB, so that the lower segment of the columns 

could be welded to the lower plate as one step to achieve a fixed base for the specimen. A 

600mm (24”) by 600mm (24”) pattern with 50mm (2”) diameter holes was then drilled in the 

two plates of the FB, to match the same whole pattern available in the strong floor of the 

SEESL. The upper and lower holes were then connected by 50mm (2”) steel tubes using fillet 

welds along the circumference of the tubes at the connection parts with the FB. Concrete was 

poured at a later stage as described in section 5.8.4. 

 

 A 2162.5mm x 980mm (86.5”x39.2”) rectangular plate of thickness 12.5mm (0.5”) was then 

fabricated and beveled along all its edges so that it could be butt welded to the FB after the 

lower segment of the column was welded to the base of the FB and concrete was poured. For 

the plate to fit, two holes were cut in that plate with dimensions similar to that of the columns 

with 1.5mm (1/16”) tolerance as shown in figure 5-10.  

23.6

170

170

74

23.7

74

Section (3-3)

1 1

2

2

Section (1-1)

Section (2-2)

Containment 
Plate 

  
Containment 
Plate 

6.5
5.5

41.8
86.5

39.2

24.0 162424242424
13

24

24

13

d=2

   Back-up bar (2 x 18 in)
around Rectangular hole

Containment 
Plate 

  
Containment 
Plate 

0.5 0.5

 
FIGURE 5-9 Foundation Base (FB)  
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FIGURE 5-10 Foundation Base (FB) Cap 

 

5.6 Design of Steel Plate Shear Link (SPSL)  

The SPSLs were designed to meet several criteria; adequate shear and flexural strength was 

taken into account to increase the lateral stiffness and strength of the bare columns, and link 

length was chosen to provide the adequate link ductility required to dissipate the seismic 

energy as described in section 4. The design procedure developed in section 3 to achieve the 

structural fuse concept was also satisfied, ensuring that the columns remain elastic. The 

procedure for sizing the link for the experimental test is outlined below taking into 

consideration the above criteria and also the SEESL limitations mentioned earlier.  

 

5.6.1 Link Design Procedure 

To ensure that the designed link would provide an adequate ductility for energy dissipation, 

the link length, e, was chosen as per section 4.4  

 

Choosing yo to be equal to e, the link balanced angle, θb, and the link height, h, can be 

calculated from:  

 2 0 02 2tan tan 0
3

⎛ ⎞+ − =⎜ ⎟
⎝ ⎠

b b
y y
e e

θ θ  (5-1)    

 tan= +o bh y e θ  (5-2) 

 

The value of the link length, e, chosen is then checked to satisfy the following equation: 

 ( )2

2 1 3 tan
3 tan

oye θ
θ

≤ −  (5-3) 
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Then, the number of added links, Nlinks, is calculated based on the available space to insert 

them, as:                                                      

 Nlinks = 2totH
h

−  (5-4) 

leaving an empty space at the top and bottom of the column, as inserting links at these 

locations would have interfered with the plastic hinging zones of the columns. Also, because 

no significant relative deformations between the columns occur at the top and bottom of the 

columns, links at those locations would likely not yield significantly. 

   

Other parameters of the link design were chosen in compliance with the structural fuse design 

procedure presented in section 3. In that procedure, recall that to ensure that sufficient lateral 

stiffness is added by the link to reduce the target displacement to a level where the bent 

column remains elastic, a design spectrum must be chosen according to the location of the 

bridge (the spectral acceleration is first assumed to be in the acceleration zone of the 

spectrum, but that is to be checked and revised upon further design iterations), the weight of 

the columns plus the added links should be estimated. Here, for the purpose of developing a 

specimen for experimental verification of the concept, the values of Ss was taken as 2.1g and 

S1 was taken as 0.8g. This is representative of a region exposed to severe ground shaking, for 

site soil-type class B and a 2% probability of exceedance in 50 years. 

 

The bare bent yield shear force, Vyf, was calculated and the bare bent ductility, μf, was limited 

to 1, from which the bare frame strength ratio, ξ, and the minimum required stiffness ratio, 

αmin , where calculated as follows: 

 a

yf

S mg
V

ξ =  (5-5)     

 min 1
f

ξα
μ

= −  (5-6)  

where: 

 min
b

f

K
K

α =  (5-7)   

The relationship between the link’s lateral and vertical stiffness was found in section 4.9.1, 

as: 
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=  (5-8) 

where Kver is the total vertical stiffness of the fuses. According to the chosen bent dimensions, 

and the calculated fuses’ lateral stiffness, Kb, the minimum total vertical stiffness, Kver, 

required for the fuses so that the columns of the bent remains elastic (i.e. μf=1) can be 

calculated from equation (5-8).  

 

To ensure that a minimum required fuse ductility, μb, is provided, the required fuse thickness 

can be calculated by finding the total required strength for all fuses,η, to as follows: 

 ( )1 1bη μ α= +  (5-9)  

here, a required value of μb = 4 is specified, from which the value of η can be found from 

equation (5-9). Then, the minimum required lateral fuses strength can be determined as 

follows: 

 min
a

Ds act f
b

S mgV V V
η

≤ ≤ −  (5-10)   

Note that the value of the total lateral link strength should not exceed the value of the 

capacity of the actuators at SEESL, Vact, minus the value of the bare bent lateral strength, Vf.  

Also, forces from the link should not induce detrimental forces on the columns (e.g. axial 

forces, connection forces, etc.) and capacity design principles were applied to protect these 

structural elements. 

 

The total minimum vertical strength required for the fuses to provide a specified link ductility 

of 4 could then be determined per section 4.9.1 as follows: 

 
2
tot

p Ds
HV V

e X
⎛ ⎞= ⎜ ⎟+⎝ ⎠

 (5-11)   

 

Contrary to the design of BRBs as structural fuses (described in section 3), the strength and 

stiffness of the SPSL are coupled. Therefore, to calculate a required minimum SPSL 

thickness to satisfy the above requirements, two equations must be considered as follows:  

The minimum required link thickness to satisfy the strength requirement is calculated per 

section 4.3 as: 
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 min1
0

3 * p

y

V
t

n yσ
=  (5-12)   

where n is the number of fuses. 

The minimum required link thickness to satisfy the stiffness requirement is calculated per 

section 4.9.1 as: 

 min 2
ver

o

K et
Gy

=  (5-13) 

where G is the shear modulus. 

 

A detailed design procedure for both the bare frame and the links is presented in Appendix B, 

also discussing the design of the foundation and the loading beam. The design made use of or 

a total of 8 links, each 5mm (3/16”) thick, and the lateral force due to the contribution of the 

fuses, Vyb was found to be equal to 903 kN (203 kip) with a yield displacement of 9mm 

(0.33”). 

 

5.6.2 Link Specimen Description 

The purpose of the links being that they would be used as replaceable fuses dissipating the 

seismic energy during a seismic event, their detailing therefore should allow them to be easily 

removed and replaced by new ones. Such a performance objective with a welded connection 

between the SPSLs and the frame columns is possible but would require, after an earthquake, 

that the old SPSLs be flame cut and the new SPSLs be welded on the other side of it’s gusset. 

However, while workable, welding is sometimes less desirable in bridge applications, and a 

bolted connection was therefore selected as the preferred solution for that problem and for the 

sake of proving the bolted concept in this case. However, introducing bolt holes at the ends of 

the links would have weakened the end sections, makings them yield before the mid section, 

which was undesirable. To solve this problem, the thickness of the end sections were 

increased by welding 5mm (3/16”) plates locally to the links to make the net area at the end 

sections greater than the gross area at the mid section and thus insure that mid section 

yielding governs. The resulting design made use of a link with thickness equal to 5mm 

(3/16”) and dimensions as shown in figure 5-11. An 8mm (5/16”) gusset plate was also 

welded to the columns of the 1st specimen over their entire height to which the SLSL’s (S1) 

could be connected. The gusset plate and its welds were also designed to remain elastic 
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during the testing procedure. A cross section drawing of S1 is shown in figure 5-12, and a 

detail for the link to column connection is shown in figure 5-13. 
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FIGURE 5-11 SPSL Detail (Elevation): (a) Dimensions in inches (b) Photo 
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FIGURE 5-12 Columns Cross Section (Plan View Cross Section), Dims. in Inches 
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FIGURE 5-13 Link to Column Connection Detail (Plan View) 

 

5.7 Design of Buckling Restrained Braces (BRBs) 

For the first test on the second specimen (S2-1), BRBs manufactured by Star Seismic where 

used as a series of structural fuses inserted between the columns. A detailed design procedure 

for choosing the BRB strength is shown in Appendix B. The design made use of 6 BRBs 

having specified yield strength of 533 kN (120 kips) and Fy = 345 MPa (50 ksi), and a core 

length of 50%. Dimensions of a typical BRB are shown in figures 5-14 and 5-15 shows a 

photograph of the BRB used in specimen S2-1. Pin ended connections were used for the 

purpose of eliminating moment and shear at the connection points and to allow the rotation of 

the BRBs. Pins of 50mm (2”) diameters were fabricated from high strength steel (A490) and 

were hammered into the 50mm (2”) diameter holes at the BRBs gussets as shown in figure 

5-16. To get rid of most of the sliding that could occur in the pin connection during cyclic 

loads reversal, zero tolerance between the pins and the pin holes was achieved by connecting 

an additional wedge part to one end of each pin, from which the pin could easily be 

hammered inside the hole. The wedge was an extension pin added to the cylindrical pin, 2” 

thick and tapered at an angle of approximately 5 degrees and temporarily held at one end of 

the pin by a bolt into a hole tapped into the pin. 



155 

In long BRBs, this sliding is of no significance, but in the current application, which requires 

short BRBs to tightly limit displacements, excessive slippage in the pin hole could have had a 

substantial negative impact on the structural fuse performance. 

 

  
FIGURE 5-14 Buckling Restrained Brace Dimensions 

 

 
FIGURE 5-15 Photograph of BRB used in Specimen S2-1  
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FIGURE 5-16 Photograph of Gusset Plate used in Specimen S2-1 

 

5.8 Materials 

5.8.1 BRB Material Testing 

Steel used for the BRB’s yielding core was specified to be ASTM A572 Gr. 50. Three tensile 

coupon tests were performed by star seismic on samples having a diameter of 12.5mm 

(0.5”).Yielding was observed at 0.2% offset and the tests were performed to a maximum 

elongation of 50mm (2”). Yielding stress varied from 322 MPa (46.7 ksi) to 343 MPa (49.8 

ksi). Results of the coupon tests are presented in table 5-2. A full stress strain curve is not 

available. 

TABLE 5-2 BRB Coupon Test Results 

Sample 
Diameter 

(inches) 

Area 

(in2) 

Tensile Load 

(LBS) 

Tensile Strength 

(PSI) 

Yield Load 

(LBS) 

Yield Strength 

(PSI) 

1 0.500 0.1963 14,280 73,000 9,352 47,600 

2 0.500 0.1963 14,288 73,000 9,164 46,700 

3 0.498 0.1948 14,201 73,000 9,704 49,800 

 

5.8.2 Bi-Steel Material Testing 

Design of the Bi-Steel panels was accomplished on the assumption of standard ASTM A572 

Gr. 50 properties, in the perspective that the columns were to remain elastic for the range of 
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the structural fuse application. On that basis, S355 J2G3 Bi-Steel (equivalent to ASTM A572 

Gr. 50 steel) was chosen by Corus for this particular application. According to Corus, this 

steel is rated as high performance steel used in nuclear industry applications. Additional 

information on that steel became available after the test for reasons explained in section 6.  

 

5.8.3 SPSLs Material Testing 

ASTM A572 Gr. 50 steel was chosen for this particular application. These plates were 

provided and fabricated by a local steel manufacturer in Buffalo, NY. Monotonic tension 

tests were performed on two coupons from as shown in figure 5-17. Strains were monitored 

using a MTS extensometer with a 50mm (2”) gage length, while the forces were monitored 

using an internally mounted load cell in a Tinius Olsen testing machine at the University at 

Buffalo. The coupons tested showed good ductility and reached a strain of 28% before 

fracture. The ratio of Fu/Fy was 1.11. 

 
FIGURE 5-17 Tension Coupon Results for SPSLs Material 

5.8.4 Concrete Cylinders 

The concrete used in this experimental study was ordered from a ready-mix plant in Buffalo, 

NY. For each specimen, the grade of concrete ordered was 4 ksi. For specimen S1, concrete 

was poured over three different days to accommodate the construction sequence described in 

section 5.9.2. The foundation base and the lower column segments were poured from a first 

ready-mix truck (Pour A), and then the middle column segments were poured two weeks later 
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using a pump truck (Pour B). Then the cap beam and the loading beam were poured one week 

later, also using a pump truck (Pour C). 

 

Concrete taken from each ready-mix batch was poured into a total of seven plastic cylinders 

having a diameter of 6” and a height of 12”. All concrete batches were treated on-site with 

super plasticizers to soften the mix before it hardens, increasing its workability without 

affecting the properties of the concrete in order to have a competent concrete at the base of 

the columns taking into account the height of the pour, and the shear studs present in the 

columns every 8”.  

 

The concrete cylinders were tested inside a compression test machine. For specimen S1, 

testing took place 30 days after pour C, and then all cylinders where tested at the same time, 

as it was not crucial to test each pour individually as they all exceeded the 28 days strength. 

Table 5-3 shows the strength of the concrete for all of the pours for specimen S1. 

 

For specimen S2, concrete was poured over two different days to accommodate the 

construction sequence described in section 5.9.2. The foundation base and the lower column 

segments were poured from a first ready-mix truck (Pour A), and then the middle column 

segments, the cap beam, and the loading beam were poured three week later using a pump 

truck (Pour B). 

 

Concrete taken from each ready-mix batch was poured into a total of seven plastic cylinders 

having a diameter of 6” and a height of 12”. Again all concrete batches were treated on-site 

with super plasticizers. 

 

Testing of specimen S2-1 took place 14 days after the second pour (Pour B) due to time 

constrains in SEESL, so it was crucial to test the cylinders of pour B immediately after the 

test, as the strength of concrete was expected to be approximately 70% of the specified 28-

days strength at that time. Cylinders of pour A were also tested on the same day, and since 

they were cast three weeks before pour B, they were expected to have their full 28-days 

strength at the time of testing. 
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Table 5-4 shows the strength of the concrete for all of the pours for specimens S2-1, and S2-

2.  

Tables 5-5 to 5-8 represent the procedure for calculating the standard deviation for the group 

of tests on a mix with fc
’
 = 4,000 psi expected strength for both specimens. The data in the 

tables are organized to evaluate the data in accordance with ACI 318-08 Section 5.6.3.3, 

which requires that no 28-day average fall below the specified strength (4,000 psi) by more 

than 500 psi, and that the average of any three consecutive strength tests never fall below the 

specified strength. The data is further organized to easily compute the standard deviation. As 

per the ACI, this standard deviation points to excellent quality control procedures. The 

average values of fc
’ obtained from the cylinder tests, and presented in tables 5-5 and 5-6 

corresponding to the properties on the day of each respective specimen tests were then chosen 

for the analytical replication discussed in section 7. These values are 6.5 ksi, 3.5 ksi, and    

3.5 ksi respectively for specimens S1, S2-1 and S2-2. 

Note that these data were not available at the design stage but was used in the analytical stage 

in section 7. Figure 5-18 shows the gained strength for all pours with respect to time, plotted 

against the expected concrete age vs. time curves for 4000 psi and 6000 psi. It can be seen 

that the concrete strength matches more the 6000 psi curve  in spite of the fact that 4000 psi 

concrete was ordered. The gained strengths for pours A and B for specimen S-1 were 8% and 

3% respectively, as no significant gain in strength was expected after 28 days, while a gain in 

strength of 70% for pour B in specimen S2-2 is observed between day 14 and day 28. 

 

TABLE 5-3 Concrete Strength for Specimen S1 

Pour A (psi) Pour B (psi) Pour C (psi) 
51-Days Strength 44-Days Strength 30-Days Strength 

6900 6000 5900 
6000 6000 5800 
6400 6300 5600 
6700 6300 5800 
6500 5800 6100 
6600 6200 5500 
5600 5900 5900 
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TABLE 5-4 Concrete Strength for Specimens S2-1, and S2-2 

Pour A (psi) Pour B (psi)
35-Days Strength 14-Days Strength 

5800 3200 
5600 3900 
6200 3700 
6100 3400 
5900 3300 
5900 3700 
6200 3500 

 

 

 

TABLE 5-5 Average fc
’ and ss Calculation for Specimen S1 Cylinder Tests 

 51-Day Strength (psi)  
Test C1 C2 Average (Xi) (Xi-X)2 

1 6900 6000 6450 4489 
2 6400 6700 6550 1089 
3 6500 6600 6500 1089 
 Total Average (X)=6517 Σ(Xi-X)2=6667 

 

from table 5-5, the standard deviation, ss, is calculated as: 

 
2( ) 6667 58

1 2s
X Xis
n

Σ −= = =
−

psi (5-14) 

 

TABLE 5-6 Average fc
’ and ss Calculation for Specimen S2-1 Cylinder Tests 

 14-Day Strength (psi)
Test C1 C2 Average Standard Deviation 

1 3200 3900 3550 289 
2 3700 3400 3550 289 
3 3300 3700 3500 1089 
 Total Average(X)=3533 Σ(Xi-X)2=1667 
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from table 5-6, the standard deviation, ss, is calculated as: 

 
2( ) 1669 29

1 2s
X Xis
n

Σ −= = =
−

psi (5-15) 

 

TABLE 5-7 Average fc
’ and ss Calculation for Specimen S2-2 Cylinder Tests 

 15-Day Strength (psi)
Test C1 C2 Average Standard Deviation 

1 5800 5600 5700 71289 
2 6200 6100 6150 33489 
3 5900 6200 6050 6889 
 Total Average(X)=5967 Σ(Xi-X)2=111667 

 

from table 5-7, the standard deviation, ss, is calculated as: 

 
2( ) 111667 236

1 2s
X Xis
n

Σ −= = =
−

psi (5-16) 

 

TABLE 5-8 ACI Relation between Standard Deviation and Quality Control 
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FIGURE 5-18 Expected Strength vs. Tested Cylinders Strength for all Batches in 

Specimens S1, S2-1, and S2-2 

 

5.9 Test Setup 

Figures 5-19 to 5-22  respectively show specimens S1, S2-1, and S2-2 prior to testing. Some 

details of the test setup described in the previous sections can be seen in the figures. Also, 

figures 5-23 to 5-25 respectively show drawings for the corresponding specimens showing all 

related dimensions. 
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FIGURE 5-19 Specimen S1 Prior to Testing (Test 1) 
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FIGURE 5-20 Specimen S1 Prior to Testing (Test 2) - the three lower links painted 

white 
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FIGURE 5-21 Specimen S2-1 Prior to Testing 
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FIGURE 5-22 Specimen S2-2 Prior to Testing 
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FIGURE 5-23 Specimen S1 (Elevation) 
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 FIGURE 5-24 Specimen S2-1 (Elevation) 
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FIGURE 5-25 Specimen S2-1 (Elevation) 

 

 

 

5.9.1 Actuator Mounting 

Testing of all specimens was performed in the SEESL at the University at Buffalo. Two MTS 

servo-controlled static rated actuators with a load capacity of 1777 kN (400kips) each and an 
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available stroke of ±500mm (20”) were first mounted to the strong wall of the SEESL at a 

height of  7500mm (300’’)using four 35mm (1 3/8”) diameter pretensioned threaded rods for 

each actuator. Similar rods were used to connect the actuator to the loading beam.  

 

5.9.2 Construction of Specimens 

For specimen S1, the foundation base was first positioned on the strong floor of the lab. The 

lower column segments were then welded to the bottom plate of the foundation base, and 

concrete was poured into the base, as shown in figure 5-26. The foundation base cap plate 

was installed immediately after the concrete pour, as shown in figure 5-27 and welded 

immediately. The column segments were then erected and welded to each other. The second 

concrete pour took place 2 weeks after the first using a concrete pump. The cap beam was 

then welded to the columns, followed by attaching the loading beam to the specimen using 

four 35mm (1 3/8”) diameter pre-tensioned threaded rods and welded to the specimen for 

extra safety as mentioned in section 5.5.3. Concrete was then poured into the loading beam 

and cap beam using a concrete pump one week from the last pour as shown in figure 5-28. 

The actuators were then attached to the loading beam. The foundation was fixed to the strong 

floor after the concrete in the base had cured for 28 days; this was done using 16 pre-

tensioned 35mm (1 3/8”) diameter Dywidags to ensure that no sliding or uplifting occurred as 

a result of the applied actuator load. The SPSLs were then bolted to the column using high 

strength (A490) 25mm (1”) diameter bolts designed to prevent slippage of the links. The 

torque of 1100 ft-lb required to reach the specified nut rotations was achieved using a 

HYTORC Blitz 4-A hydraulic torque wrench. 

 

The same procedure for the installing the columns took place for specimen S2-1; the only 

difference being that BRBs were installed between the columns instead of the SPSLs. First, 

gusset plates were welded to the columns, and then the BRBs were installed in between the 

gussets using a 50mm (2”) diameter pin. Figure 5-29 shows the BRBs gusset plates. Finally, 

for specimen S2-2, the BRBs were removed as shown in figure 5-30, and the lower gusset 

plate was flame cut as shown in figure 5-31to insure that the gusset plate does not increase 

the moment capacity of the column section at the base. 
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FIGURE 5-26 Concrete Pouring in Foundation Base 

 

 
FIGURE 5-27 Foundation Base Cap Installment 
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FIGURE 5-28 Concrete Pouring in the loading Beam and Concrete Cap 

 

     
                                         (a)                                                            (b) 

FIGURE 5-29 Gusset Plates for BRBs; (a) End Gusset Plate, (b) Intermediate Gusset 

Plate 
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 FIGURE 5-30 Specimen S2-2 after the removal of the BRBs   

 

 
FIGURE 5-31 Lower Gusset Plate Removal 
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5.10 Instrumentation 

A full list of all the instrumentation used in all the specimens is provided below in table 5-9 

and the locations for each instrumentation is shown in figures 5-32 to 5-34. This 

instrumentation is briefly described below. 

 

5.10.1 Strain Gauges 

All specimens were instrumented with CAE-06-125-UW-120 strain gages manufactured by 

Vishay Measurements Group incorporated. Eight strain gages were installed at the top and 

bottom of each column (two per face) to monitor the moments and axial forces at these 

critical points for a total of 32 strain gages. A 30-60 rosette was also installed at the center of 

one of the middle links to monitor strains in the horizontal, vertical, and diagonal direction of 

the link and to give an estimate of the initiation and level of yielding in the links in the 

anticipated direction of maximum principal strain.  

 

5.10.2 String Displacement Potentiometers 

Five string displacement potentiometers (string-pots) were connected to the columns at 

different heights, and were then mounted to the strong wall of the SEESL. These string-pots 

were used to record the column’s deflected shape and to give an average estimate of the top 

displacement to take into account any small deflections that could occur in the loading beam 

and affect the displacement reading of the actuators. Twelve other string-pots were installed 

diagonally across all the SPSLs to capture change in shear deformation occurring in the links 

for specimen S1. Six sting-pots were also used in specimen S2-1, installed along the BRBs 

(pin to pin) to capture the axial elongation of the BRBs.  

 

5.10.3 Displacement Potentiometers 

Four vertical displacement potentiometers were installed at the four corners of the foundation 

base to capture any sign of uplift that could occur due to the applied horizontal load. Also two 

horizontal displacement potentiometers were installed on the east side of the foundation base 

to capture any sliding that could occur to the foundation and could affect the results.  
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5.10.4 Krypton Dynamic Measurement Machine 

The Krypton Dynamic Measurement Machine is composed of three sensitive infrared 

cameras mounted on a moveable frame, numerous light-emitting diodes (LEDs), and an 

independent data acquisition system. The LED’s are 12.5mm (1/2”) in diameter and can be 

attached to the specimen or test setup at any location visible to the cameras via hot glue, 

magnets, or other approaches. The three cameras then triangulate the location, velocity, and 

acceleration of the LEDs relative to a user defined coordinate system. Accuracy of the 

krypton measurements is of the order of 0.1mm (0.004”) and can be as high as 0.05mm 

(0.002”), depending on the distance from the camera to the LEDs. Placement of the LEDs is 

limited by the viewable window for the cameras, which increases as the distance between the 

LEDs and the camera increases. 

 

The window of the camera could not accommodate the entire specimen due to its substantial 

size and the limited distance available to position the cameras away from the specimen. As a 

result, the maximum area that was covered by the camera was half the height of the 

specimen. Consequently, the LEDs were at equal distances on both columns from the base up 

to the mid-height of the specimen. The LEDs were also used to monitor any twisting that 

could have happened to the specimens during testing, especially given that no lateral bracing 

system was used with the specimens. Also the LEDs were used as a redundant measurement 

for various other displacement quantities in case the string-pots failed to perform.  

 

5.10.5 Video Recording 

Digital video recording was done for all the tests. Each test was documented using four high 

definition cameras, recording the global view of the specimen, as well as local views 

including the column base and the links to capture any signs of local buckling that occur in 

the columns or links. Videos of the BRBs in specimen S2-2 were also recorded. Two 

standard definition cameras mounted into the ceiling of SEESL were also used, and where 

continuously recording during the whole construction time, taking 10 frames each minute to 

record the construction sequence of all specimens.  

 

All videos were accelerated for the purpose having a better understanding of the behavior of 

each element being used. Videos are available at http://seesl.buffalo.edu. 
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TABLE 5-9  Instrumentation Key Table 

Name Type of Sensor Note 
SPFNW001 Potentiometer Foundation North Side, Horizontal (E-W) 
SPFSW001 Potentiometer Foundation South Side, Horizontal (E-W) 
SPFNW002 Potentiometer Foundation North West Side, Vertical 
SPFSW002 Potentiometer Foundation South West Side, Vertical 

SPFSE Potentiometer Foundation South East Side, Vertical 
SPFNE Potentiometer Foundation North East Side, Vertical 

SGCLWBNE Strain Gauge West Column Base, North East Side 
SGCLWBNW Strain Gauge West Column Base, North West Side 
SGCLWBSE Strain Gauge West Column Base, South East Side 
SGCLWBSW Strain Gauge West Column Base, South West Side 
SGCLWBEN Strain Gauge West Column Base, East North Side 
SGCLWBES Strain Gauge West Column Base, East South Side 
SGCLWBWN Strain Gauge West Column Base, West North Side 
SGCLWBWS Strain Gauge West Column Base, West South Side 
SGCLEBNE Strain Gauge East Column Base, North East Side 
SGCLEBNW Strain Gauge East Column Base, North West Side 
SGCLEBSE Strain Gauge East Column Base, South East Side 
SGCLEBSW Strain Gauge East Column Base, South West Side 
SGCLEBEN Strain Gauge East Column Base, East North Side 
SGCLEBES Strain Gauge East Column Base, East South Side 
SGCLEBWN Strain Gauge East Column Base, West North Side 
SGCLEBWS Strain Gauge East Column Base, West South Side 
SGCLWTNE Strain Gauge West Column Top, North East Side 
SGCLWTNW Strain Gauge West Column Top, North West Side 
SGCLWTSE Strain Gauge West Column Top, South East Side 
SGCLWTSW Strain Gauge West Column Top, South West Side 
SGCLWTEN Strain Gauge West Column Top, East North Side 
SGCLWTES Strain Gauge West Column Top, East South Side 
SGCLWTWN Strain Gauge West Column Top, West North Side 
SGCLWTWS Strain Gauge West Column Top, West South Side 
SGCLETNE Strain Gauge East Column Top, North East Side 
SGCLETNW Strain Gauge East Column Top, North West Side 
SGCLETSE Strain Gauge East Column Top, South East Side 
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SGCLETSW Strain Gauge East Column Top, South West Side 
SGCLETEN Strain Gauge East Column Top, East North Side 
SGCLETES Strain Gauge East Column Top, East South Side 
SGCLETWN Strain Gauge East Column Top, West North Side 
SGCLETWS Strain Gauge East Column Top, West South Side 

SPPL001 to SPPL008 String Pot Intermediate Plates 
SP1 to SP5 String Pot East Column, Top, 3/4 , Mid, 1/4, and Bottom 

SPBRB1 to SPBRB6 String Pot Buckling Restrained Brace top to bottom 
KRCLW001 to KRCLW005 Krypton West Column 
KRCLE001 to KRCLE005 Krypton East Column 
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FIGURE 5-32 Instrumentation Setup for Specimen S1 
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FIGURE 5-33 Instrumentation Setup for Specimen S2-1 
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FIGURE 5-34 Instrumentation Setup for Specimen S2-2 
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SECTION 6  

EXPERIMENTAL PROGRAM AND OBSERVATIONS 

 
6.1 General 

This section describes the loading protocols and experimental observations for the three 

specimens described earlier in section 5. Testing of each specimen is described in detail, and 

observations made regarding the behavior of each specimen are given through the steps of the 

applied displacement protocol. 

 

6.2 Loading Protocol 

Loading of all specimens was originally intended to proceed following quasi-static 

displacement control cycles carried out in accordance with the ATC 24 loading protocol. This 

document specifies that the specimen should be subjected to three cycles at each 

displacement step, up to a displacement equal to three times the yield displacement, after 

which only two cycles at each displacement magnitude are specified. ATC 24 specifies that 

reaching the yield displacement should be done in three steps as follows: three cycles at 1/3 

of the yield displacement, and three cycles at 2/3 of the yield displacement, and then three 

cycles at the yield displacement, δy. Beyond that every step should be multiples of the yield 

displacement (2δy, 3δy, etc.). This protocol was adjusted during the tests as necessary in 

response to specific observed behaviors, as described later. 

 

6.3 Yield Displacement Estimation 

For the purpose of this experimental program, it was necessary to estimate the value of the 

yield displacement at the top of the specimen for both the structural fuse elements and the 

bare frame itself. For the tests of specimens with structural fuses in place, (i.e. specimens S1 

and S2-1), it was decided to stop testing before yielding occurred in the columns, to be able 

to test the undamaged columns on their own in following tests. Preliminary ABAQUS models 

were analyzed prior to testing to estimate the values of the yield displacements of both the 

fuses and the frame using pushover analysis. Since actual material properties were 
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unavailable at that time, typical material properties of A572 Gr. 50 steel and specified 

concrete strength of 28Mpa (4ksi) were used in the analysis.  Due to the flexibility of the 

strong wall (described later in section 7), the ABAQUS model predicted a much stiffer 

system, from which lesser values of yield displacements for both the fuses and the bare frame 

were predicted. Also, since the actual material yield strength of the frame turned out to be 

about 40% higher than expected, as described in section 5.8.2, using a typical A572 Gr. 50 

steel material model in the preliminary finite element analysis resulted in predicting lesser 

values of the columns yield displacement. A decision was made during testing to 

experimentally define the yield values and proceed by recalibrating the displacement protocol 

from that value. 

 

6.4 Actual Loading Protocol and Test Control 

Due to the above reason, the ATC loading protocol described in section 6.2 was not exactly 

followed. In particular, an extensive number of elastic cycles were performed before reaching 

the experimentally defined yield values, from which all the other loading values were 

recalibrated. Furthermore, three tests were done on specimen S1 due to unexpected weld 

failures as will be described later. Therefore, after repair of the first failure, for the second 

test the entire loading protocol was repeated as the specimen was still in the elastic range 

during the first test when it experienced premature weld failure. The third test is considered a 

continuation of the second test and the loading protocol resumed from where it stopped when 

fracture occurred during the second test. The actual cyclic displacement histories used for all 

tests for specimen S1 are summarized in tables 6-1 and 6-2, where δyb is the yield 

displacement of the fuses, δyf is the yield displacement of the frame, and Δ is the top 

displacement applied to the frame. 

 

For specimens S2-1 and S2-2, only one test was done for each specimen as shown in tables  

6-3 and 6-4, at the magnitudes of displacements and number of cycles listed there. 

 

In all cases, testing of all specimens was controlled by observing the real time plotting of the 

hysteretic curves of the applied load versus top lateral displacement for specimens S1, S2-1, 

S2-2 and adjusting the applied displacements to achieve the target load protocol; the resulting 

hysteretic curves obtained after all test cycles were completed are shown in figures 6-1, 6-2, 

and 6-3 respectively. Also the average strain at the bottom of the columns was monitored 
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after each cycle to experimentally identify the yield displacement of the frame, Furthermore; 

cameras were installed at the bottom of the columns and close to the fuses to identify signs of 

local buckling. 

 

6.5 Experimental Observations 

This section describes observations on linear and nonlinear behavior made during execution 

of the tests for all three specimens.  

 

6.5.1 Specimen S1 

6.5.1.1 Test 1 

Testing of specimen S1 proceeded in 3 steps due to unexpected failures in the full penetration 

welded splices connecting the columns segments, as described below. Figure 6-4 shows a 

photograph of specimen S1 at the start of Test 1 showing the SPSLs with their buckling 

restraints. In the first part of the test, the specimen remained elastic during the first 18 cycles 

listed in table 6-1 up to a displacement equal to 25mm (1”, 0.36% drift). The number of 

elastic cycles was substantially greater than required by the ATC-24 test protocol, but this 

occurred because the specimen was not as stiff as expected. Therefore, since the actual yield 

displacement of both the SPSL and the columns were larger that the displacements calculated 

using the ABAQUS model, a slight increase in displacement was induced in every step, to 

search for the actual yield displacement of the structural fuse system (without exceeding it in 

a given cycle). 

 

After the 1st half of the 24th cycle, at 50mm displacement (2”, 0.72% drift), a loud bang was 

heard and the lateral load resisted by the specimen dropped by 80% from 613 kN (138kip) to 

129 kN (29kip). This was due to an unexpected weld failure in the column segment 

connection in the lower end of the east column as shown in figures 6-5 and 6-6.  

 

6.5.1.2 Failure Investigation and Repairs 

An investigation was conducted to understand the cause of the failure, and the following 

observations were made. Figures 6-5 and 6-6 show that fracture developed along the bottom 

edge of the weld. The figures show evidence of undercut along the top edge of the weld and 
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an amount of ‘roll over’ on the weld cap, which may not have contributed to the fracture but 

that casts doubts as to the quality of the weld execution.  

Upon review of selected photos, Corus representatives suggested that the use of a single 

capping run may have contributed to the heavy undercut observed. They also noticed that the 

weld appeared to be uneven, which suggests inconsistencies in the travel speed. This may 

have had the effect of reducing the through thickness penetration (effectively creating a 

partial penetration butt weld) and generating a notch effect in the root area. The notch could 

also have lead to an increase in the localized stress levels in the root area, which may then 

have exceeded the yield point of the material, particularly when welding shrinkage stresses 

are included. This visual investigation indicated that full penetration has not been achieved 

for this splice connection.  

 

A decision was made to repair/reinforce both lower splices of the specimen (the fractured and 

un-fractured ones) by adding a 5/8” thick 2” wide steel plate to create a new fillet welded 

splice all around the columns on top of the existing splice locations as shown in figures 6-7 

and 6-8. These new splices were generously overdesigned to preclude any further failures at 

those locations. 

 

Also a decision was made to take out the buckling restraints attached to the SPSLs, as at that 

time, as the cause of the “delayed” fuse yielding could not be explained; the intent was to 

make sure that the columns would not yield before the fuses, and since deformation of the 

fuses was not visible due to the presence of the restraints, it was judged prudent to remove 

them for the next phase of testing. Taking out the restraints decreases the contribution of the 

links to the total strength of the system as they will buckle and behave more like a Steel Plate 

Shear Wall with perforations.  

 

6.5.1.3 Test 2 

Since the specimen was almost completely elastic at the time of the weld failure, the testing 

protocol was restarted from the beginning. All the previously applied cycles were re-applied 

with similarly observed elastic behavior (but without weld fracture this time). Testing 

continued with applied lateral displacements beyond the one at which the connection splice 
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failure had previously occurred. At the 1st half of the 19th step, at 37.5mm displacement (1.5”, 

0.54% drift), signs of yielding started to occur on the middle links as paint started to flake 

and fall off the links. Yielding had propagated to all links when 100mm displacement (4”, 

1.5% drift) was reached, as shown in figure 6-9. 

 

At the 1st half of the 33rd cycle, at 100mm displacement (4”, 1.5% drift), another loud bang 

was heard and the lateral load resisted by the specimen dropped by 41% from 887 kN 

(195kip) to 507 kN (114kip). This was due to another unexpected weld fracture in the column 

splice in the upper end of the west column as shown in figure 6-10.  

 

6.5.1.4 Failure Investigation and Repairs 

To better understand the cause of the recurring undesirable weld performance, a more 

intensive investigation was conducted on the type of welding material used, and the actual 

yield strength of the steel used for the Bi-Steel panels.  

 

For this purpose, supplemental material information was obtained from Corus Bi-Steel.  

Those documents revealed that the steel used in the specimens came from 6 batches, each 

having different yield strength and tensile strength. Figure 6-11 shows an isometric view for 

the Bi-Steel panels used in the specimens, each panel is labeled and the batch ID is shown in 

table 6-5. Table 6-6 shows the mechanical properties for each batch.  

 

Monotonic tension tests were performed on two coupons from the batch MP589-1. This 

particular batch was chosen for the coupon tests as the lower column segment consisted of 

steel from this batch, and since yielding was only expected at the bottom of the columns, it 

was suitable to consider that the properties of this particular batch has a dominant impact on 

behavior of the whole specimen. During coupon testing, strains were monitored using a MTS 

extensometer with a 2” gage length, while the forces were monitored using an internally 

mounted load cell in a Universal Testing machine at the University at Buffalo. The coupons 

tested showed good ductility and reached a strain of 25% before fracture. However, the 

yielding and fracture stress were about 40% higher than expected, with yield strengths of 470 

Mpa (68ksi) and 520 Mpa (75ksi), and ultimate strengths of 530 Mpa (77ksi) and 580 Mpa 

(84 ksi) respectively. Also, the ratio of Fu/Fy was 1.1 and 1.09 for each of the coupons. Figure 

6-12 shows the coupon test results. 



186 

The material inspection certificates were also reviewed for the S355 steel that was used in the 

Bi-Steel panels.  The specified minimum yield strength of that material is 355MPa (50ksi). 

However, it was noted from the certificates that the yield strengths obtained by CORUS for 

these plates were 525Mpa, 474Mpa, 461MPa and 451 (i.e. 75ksi, 75ksi, 65ksi, 64ksi) and that 

the ultimate strengths were 579Mpa, 537Mpa, 538MPa and 523 (i.e. 84ksi, 78ksi, 78ksi, 

754ksi).  These higher than specified values are consistent with the coupon test results. The 

inspection certificates also reported Charpy-V values ranging from 81J to 88J, at 

temperatures ranging from 20 Celsius to -20 Celsius. A C.E. value of 0.32 was also reported, 

which indicate a substantial notch toughness and good weldability. However, the actual 

higher than specified yield strength raised questions as to the appropriateness of the welded 

electrodes used – originally selected to be matching for Grade 50 steel. Therefore, the 

welding procedure used was also investigated. 

As shown by the specimen shop drawings and review of the welding procedures that were 

followed, each transverse butt weld in the 8mm thick plates of the Bi-Steel panels was 

accomplished using an AWS ER70-S6 (solid wire) consumable. The welding process used 

was MIG welding with a 0.035" ER70S-6 wire "Quantum Arc 6" which exceeds the AWS 

specifications.  Typical tensile values for this welding wire are specified to be 551MPa (80 

ksi); although the manufacturer’s information suggests that values of up to 62Pa (90 ksi) can 

be obtained when welding with Argon shielding gas, as was the case here, this cannot be 

ensured.  This welding wire also has a good Charpy-V rating of 50J.  Each full penetration 

weld was done in two passes.  One root pass to fuse the flat surface and penetrate into the 

backing bar, and a cap pass to fill the full penetration.  The wire feed rate and voltage use 

were not recorded, and no pre-heat/post-heat was required for this plate thickness. 

From the above limited investigation, it was concluded that the fractures were likely due to 

the compounding effect of the following contributing factors: (i) undercutting and possible 

other unknown defects that can’t be identified due to absence of recorded voltage and wire 

deposition rate; (ii) the unusually high yield strength values (up to 525MPa) obtained by 

coupon tests and given on the mill-test certificates (even though mill tests are sometimes 

done at higher rates for an entire steel batch), which was above the minimum specified AWS 

tensile strength of E70 wires (70ksi) used.   

The same repair/reinforcement detail as done before for the lower splices was implemented 

for both the upper splices of the specimen (the fractured and un-fractured ones) by adding a 
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5/8” thick 2” wide steel plate to create a new fillet welded splice all around the columns on 

top of the existing splice locations.  

 

6.5.1.5 Test 3 

Testing re-started from step 13 in table 6-2, by repeating the cycles at a displacement of 

75mm (3”, 1.1% drift). At the 2nd half of the 38th cycle, at 112.5mm displacement (4.5”, 1.6% 

drift), signs of yielding of the lower west column west end were observed by whitewash 

flaking as shown in figure 6-13. Some pinging noises also started to be heard from now on at 

every cycle.  The exact source of that noise could not be identified and was therefore 

attributed to possible minor slippage of the bolts connecting the SPSLs to the columns. At 

that level of drift, it was determined that the part of the experiment intended to illustrate the 

structural fuse concept had been completed, as further increase in lateral displacement would 

have resulted in the columns yielding and contributing (with the SPSLs) to in the hysteretic 

energy dissipation of the system. 

 

Nevertheless, testing continued for the specific purpose of observing the ultimate behavior of 

the Bi-Steel columns in this particular application. Local buckling of the lower west column 

west face started to appear during the 1st half of the 43rd cycle, at 150mm displacement (6”, 

2.2% drift) as shown in figure 6-14, while fracture of that north-west corner started to occur 

at the 2nd half of the 43rd cycle, at 150mm displacement (6”, 2.2% drift), as shown in figure 

6-15. The fracture of that north-west corner propagated rapidly during the 2nd half of both the 

44th and 45th cycles, at 187.5mm displacement (7.5”, 2.7% drift) and the column was 

completely fractured along its west side as shown in figure 6-16. A huge load drop from 700 

kN to 420 kN was observed on the hysteretic behavior at that point. 

 

The lower east column east end started to locally buckle at the 2nd half of the 45th cycle, at 

187.5mm displacement (7.5”, 2.7% drift) as shown in figures 6-17 and 6-18 . At that point, 

the west column was severely damaged, and, as far as observing further damage to that 

column, imposing further cycles of inelastic displacement to that column from that point 

onward was judged to be of no benefit. However, it was decided to continue testing 

monotonically, imposing compression on the west column and tension on the east column 

until the east column was completely damaged. Testing continued until a displacement of 
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225mm (9”, 3.3% drift).  At that point, crushed concrete started to come out of the fractured 

ends of the extensively damaged west column, as shown in figure 6-19. Excessive buckling 

was observed on the east column at that stage accompanied by a minor fracture that started to 

occur as shown in figures 6-20 and 6-21. It can be seen in the figures that the buckled shape 

is affected by the presence of the Bi-Steel shear connector which appeared to be effective as a 

buckling restraint point. Unfortunately the test ended when another unexpected sudden splice 

failure occurred, this time in the mid-height splice of the west column during the 2nd half of 

the 46th cycle, at 225mm displacement (9”, 3.3% drift) to end that test as shown in figure 

6-22.  

 

A visual weld inspection indicated that the fractured welds appeared to be clearly undercut 

and the full penetration weld was not always achieved as shown in figure 6-23. At that point 

it was impossible to re-align and repair the columns in place, and testing ended. Incidentally, 

subsequently to the continued undesirable splice performance observed with this specimen, it 

was decided to use the splice retrofit procedure described previously for all column splices in 

the next tests to avoid recurrence of the previously observed weld failures.   

 

After completion of the test, the columns were then flamed cut at their base to investigate the 

state of the concrete inside the Bi-Steel shapes after the large cycles of inelastic deformations. 

Figures 6-24 and 6-25 show the concrete condition for both column bases after removal of 

the columns above; it can be seen that the concrete there appeared to be competent with no 

evidence of crushing.  Incidentally, there was also no observed evidence of construction-

related problems at that location, such as voids or segregation in the concrete. The condition 

of the shear connectors can also be seen in the figures, as there was no visible evidence of 

their buckling or yielding.  Also no separation in the contact between the shear connectors 

and the steel plates was observed. For closer look at the concrete condition, the remaining 

steel plates where flamed-cut along their connecting edges to the foundation base and through 

the shear connectors, and “peeled-away” to reveal to condition of the concrete along its faces.  

Figure 6-26 shows the west column after removal of the west base, and figure 6-27 the 

concrete condition at the west base of the west column.  It can be seen that some crushed 

concrete is observed near the edge. Figure 6-28 shows the condition of the concrete at the 

west column after removal of the south side, revealing some crushed concrete along the east 

and west sides of the column. Figure 6-29 shows the condition of the concrete of the east 
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column after removal of all its sides, also revealing crushed concrete on the east and west 

sides of the column. 

 

6.5.2 Specimen S2-1 

To avoid a repeat of the problems due to weld failures, all splices of specimen S2-1 were 

reinforced prior to the test by adding steel plates at the locations of all the welded splices 

between the columns segments. Those plates had the same dimensions and fillet welds as 

used in the prior specimen.  

 

Testing started following the protocol in  table 6-3.  Again, the number of elastic cycles was 

substantially greater than required by the ATC-24 test protocol as it was still unclear at that 

time why the specimens were less stiff than expected. 

 

During the first 17 cycles of loading, specimen S2-1 reached a displacement of 37.5mm (1.5”, 

0.54% drift), and exhibited completely linear behavior. At the 1st half of the 18th cycle, at 

50mm displacement (2”, 0.72% drift), signs of yielding were observed by softening of the 

hysteretic loop; this was attributed to yielding of the BRBs, as no sign of yielding was 

observed in any of the columns. Note that no strain gages were installed on the BRBs, so this 

yielding could only be inferred from the shape of the hysteretic loops. From that point 

onwards, some pinging sounds were heard at the BRB-to-gusset connections. The source of 

the sound could not be identified, so it was attributed to possible friction between the BRB 

gussets and the pins as they rotate. 

 

Until the 2nd half of the 25th cycle at 87.5mm displacement (3.5”, 1.3% drift), no evidence of 

yielding was observed in the column bases neither through flaking of whitewash nor through 

strain gauges reading, also no signs of local buckling were observed in any part of the 

columns. 

 

At the 2nd half of the 27th cycle, at 100mm displacement (4”, 1.45% drift), first signs of local 

buckling were observed in the east face of the bottom east column as shown in figure 6-30. 

At this point, testing was terminated in order to preserve the integrity of the Bi-Steel columns 

for a final test in which only the bare frame was to be tested (without any fuses between the 

columns), and needed for comparison purposes. 
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6.5.3 Specimen S2-2 

In order to quantify the contribution of the fuses to the strength and stiffness of the total 

system, bare frame testing was essential. After terminating testing on specimen S2-1, the 

BRBs where removed by removing their pins.  Also the lower gusset was flamed-cut from the 

west column as shown in figure 6-31, to prevent increasing the cross section and stiffness of 

the column where yielding was expected to occur. The other gussets along the height of the 

columns where left in place as they had no major impact on the overall behavior of the frame. 

 

A second objective of this test was to investigate the cyclic behavior of the Bi-Steel columns. 

Toward this end, the bare frame was subjected to cycles of progressively increasing lateral 

displacement magnitudes until failure of the columns. To properly quantify this behavior, it 

was critical to capture the onset of cracking that was expected to occur, as well as cracking 

propagation through the columns up to failure. Contrary to the previous tests, the unloading 

protocol was slightly different. For every cycle in the inelastic range, after reaching the peak 

displacement, unloading stopped at 80% of the maximum load reached, to allow a closer 

inspection of the condition of the columns and be able to capture the onset of any cracking 

that occurred in the columns (this intermediate step has been prevented in previous tests for 

safety reasons). 

 

During the first 8 cycles, linear behavior was observed as expected, and this was confirmed 

by the hysteretic curve shown in figure 6-3 and also by the average strains read from the 

gages at the bottom of the columns. At the 2nd half of the 9th cycle, at 100mm displacement 

(4”, 1.45% drift), signs of local buckling were observed at the east side of the bottom east 

column as shown in figure 6-32. At the 2nd half of the 10th cycle, at 100mm displacement (4”, 

1.45% drift), buckling propagated to the north side of the bottom east column as shown in 

figure 6-33.   

 

At the 2st half of the 12th cycle, at 125mm displacement (5”, 1.81% drift), a minor crack of 

approximately 12.5mm (0.5”) was observed in the north east and south east corners weld of 

the bottom east column. Because of the concern that this might be an isolated weld defect that 

could lead to unrepresentative response, a decision was made to fix the welds before testing 

continued. Fixing of the weld was done by adding three weld passes of approximately 
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125mm (5”) on top of the existing weld at the specific fracture location as shown in figure 

6-34. Two strain gauges where lost due to the heat from the welding operation, but testing 

continued as planned. 

 

At the 1st half of the 13th cycle, at 150mm displacement (6”, 2.17% drift), local buckling 

started to develop on the west side of the bottom west column as shown in figure 6-35. A 

minor crack on the same face of the column was observed at the connection between the plate 

and the internal shear connectors as shown in figure 6-36. Another crack reappeared on top of 

the weld reinforcement at the 2nd half of the 13th cycle, at 150mm displacement (6”, 2.17% 

drift), as shown in figure 6-37.     

 

At the 2nd half of the 14th cycle, at 150mm displacement (6”, 2.17% drift), a similar crack was 

observed on the east side of the bottom east column, as shown in figure 6-38. At the same 

time, a huge crack at the south east corner of the east column was observed and concrete 

started spalling out of the column as shown in figure 6-39.  

 

Testing continued to 175mm displacement (7”, 2.5% drift). At the 1st half of the 15th cycle at 

that displacement, the lateral load resisted by the specimen dropped 44% from 160 kip to 90 

kip, as a loud bang was heard. Inspection of the specimen revealed that a crack had started 

from the south east corner of the bottom east column, and propagated along its east face as 

shown in figure 6-40.  

 

As testing continued to better understand the progression of the failure mechanism (and 

because the specimen had a non-negligible residual strength), the crack propagated across the 

south side of the east column, during the 1st half of the 16th cycle as shown in figure 6-41 and 

the east column was totally damaged at this stage. 

 

It was deemed not beneficial to cycle further beyond that point, but the west column was still 

intact having suffered only from local buckling. So it was decided to apply one more half 

cycle up to a displacement that would make the west column totally fails. The fractured 

column would be in compression during that half cycle, making that last stage of testing 

possible.   
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At 175mm displacement (7”, 2.5% drift), a minor crack started to appear at the north west 

corner of the bottom west column as shown in figure 6-42. The crack started to grow and 

propagate as displacement was increased in the same direction. At the same time, the east 

column was suffering major damage as shown in figure 6-43 at 200mm displacement (8”, 

2.9% drift.  

 

At 225mm displacement (9”, 3.26% drift), the crack at the North West corner of the west 

column propagated as shown in figure 6-44. Concrete started spalling from the south east 

corner of the east column as shown in figure 6-45.  

 

At 250mm displacement (10”, 3.62% drift), the applied load started to drop gradually as 

shown on the hysteretic curve of figure 6-3, and the existing crack on the west face of the 

west column further propagated as shown in figure 6-46. At the same time, another large 

crack developed at the north east corner of the bottom east column and concrete rubble 

started to escape from the crack opening as shown in figure 6-47.     

 

At 300mm displacement (12”, 4.35% drift), the west column had reached the state of damage 

shown in figure 6-48, with 600mm long cracking along its base, and extensive local buckling, 

and concrete rubble started escaping from the north west corner crack as shown in figure 

6-49. Testing was then terminated at that stage. 

 

Again after completion of the test, the columns where flamed-cut to investigate the condition 

of the concrete. The concrete was again found to be competent with no observed segregation, 

with crushed concrete on the east and west sides of the column. Figures 6-50 and 6-51 show 

the concrete condition after test termination.  

 

6.6 Summary 

Three large scale specimens where tested under quasi-static loading. Specimen S1, having 

unconfined SPSLs as structural fuses between the Bi-Steel columns, specimen S2-1, having 

BRBs as structural fuses between the columns, and specimen S2-1 consisting only of the bare 

frame of Bi-Steel columns and tested for comparison purposes. 
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Specimen S1 performed successfully after unexpected failures and repairs of the welded 

splices between the segmental columns. After fixing the welds, the specimen behaved in a 

stable ductile manner until it reached 225mm displacement (9”, 3.3% drift). The onset of 

column yielding was observed at 100mm displacement (4”, 1.6% drift) accompanied with 

minor local buckling at the bottom of one column. A base shear of 875kN (197 kips) was 

observed at that level of drift.  Failure of the specimen was due to fracture at the bottom of 

both columns due to low cycle fatigue which developed at the locations of repeated local 

buckling. A strength reduction of 33% from the peak value was observed at the maximum 

drift reached when testing had to stop due to failure of a mid-height column splice (this 

failure could not be repaired). Adding the SPSLs increased the elastic stiffness of the bare 

frame by 128%, while the strength increased by 31%. This strength increase was less than 

originally expected from the SPSLs due to the removal of the buckling restraints which 

decreased the SPSLs strength by 30%, as described in section 7. 

 

Specimen S2-1 was also successfully tested up to a drift corresponding to the onset of column 

yielding at 100mm displacement (4”,1.6%); a base shear of 881kN (198 kips) was observed at 

that level of drift. Because it was essential to keep the integrity of the column for testing the 

bare frame alone, testing stopped after minor signs of local buckling were observed on one of 

the columns. No failure was expected from this specimen but yielding of the BRBs 

dissipating the seismic energy was observed on the overall hysteretic behavior of the 

specimen. Additional testing and observations on the hysteretic behavior of individual BRBs 

will be presented in the next section. Adding the BRBs increased the elastic stiffness of the 

bare frame by 80%, while the strength increased by 20%. 

 

 Specimen S2-2 was tested successfully to 175mm displacement (7”, 2.5% drift) until the east 

column failed. Non-cyclic testing continued in the other direction up to a displacement of 

300mm (12”, 4.45% drift) to fail the other column. Failure of the specimen was from fracture 

of the bottom of both columns due to low cycle fatigue which developed at the locations of 

repeated local buckling. 

 

 A comparison for the values of the elastic stiffness, base shear, ductility, drift, and strength 

reduction for each specimen is shown in table 6-7.  
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TABLE 6-1 Cyclic Displacement History- Specimen S1 (Test 1) 

Displacement 

Step 

Number of 

Cycles 

Cumulative 

No. of 

Cycles 

Disp. 

 Δ/δyb 

Disp. 

 Δ/δyf 

Disp. 

mm(inches) 

Drift 

(%) 

1 3 3 0.16 0.06 6.25(0.25) 0.09 
2 3 6 0.24 0.09 9.5(0.38) 0.13 
3 3 9 0.31 0.125 12.5(0.5) 0.18 
4 3 12 0.39 0.16 15.5(0.62) 0.22 
5 3 15 0.48 0.19 18.75(0.75) 0.27 
6 3 18 0.62 0.25 25(1) 0.36 
7 3 21 0.94 0.375 37.5(1.5) 0.54 
8 3 24 1.25 0.5 50(2) 0.72 
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TABLE 6-2 Cyclic Displacement History- Specimen S1 (Tests 2&3) 

Displacement 

Step 

Number 

of Cycles 

Cumulative 

No. of 

Cycles 

Disp.  

Δ/δyb 

Disp. 

Δ/δyf 

Disp. 

mm (inches) 

Drift 

(%) 

1 3 3 0.16 0.06 6.25(0.25) 0.09 

2 3 6 0.24 0.09 9.5(0.38) 0.13 

3 3 9 0.31 0.125 12.5(0.5) 0.18 

4 3 12 0.39 0.16 15.5(0.62) 0.22 

5 3 15 0.48 0.19 18.75(0.75) 0.27 

6 3 18 0.62 0.25 25(1) 0.36 

7 3 21 0.94 0.375 37.5(1.5) 0.54 

8 3 24 1.25 0.5 50(2) 0.72 

9 3 27 1.4 0.56 56.25(2.25) 0.81 

10 3 30 1.6 0.63 62.5(2.5) 0.91 

11 2 32 1.9 0.75 75(3) 1.1 

12 1 33 2.5 1 100(4) 1.5 

13 2 35 1.9 0.75 75(3) 1.1 

14 2 37 2.2 0.88 87.5(3.5) 1.3 

15 2 39 2.8 1.12 112.5(4.5) 1.6 

16 2 41 3.1 1.25 125(5) 1.8 

17 2 43 3.8 1.5 150(6) 2.2 

18 2 45 4.7 1.88 187.5(7.5) 2.7 

19 1 46 5.6 2.25 225(9) 3.3 
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TABLE 6-3 Cyclic Displacement History- Specimen S2-1 

Displacement 

Step 

Number of 

Cycles 

Cumulative 

No. of 

Cycles 

Disp. 

 Δ/δyb 

Disp. 

 Δ/δyf 

Disp. 

mm(inches) 
Drift (%) 

1 3 3 0.156 0.06 6.25(0.25) 0.09 

2 3 6 0.32 0.125 12.5(0.5) 0.18 

3 3 9 0.47 0.187 18.75(0.75) 0.27 

4 3 12 0.625 0.25 25(1) 0.36 

5 3 15 0.78 0.312 31.25(1.25) 0.45 

6 2 17 0.94 0.375 37.5(1.5) 0.54 

7 2 19 1.25 0.5 50(2) 0.72 

8 2 21 1.56 0.625 62.5(2.5) 0.91 

9 2 23 1.875 0.75 75(3) 1.1 

10 2 25 2.19 0.875 87.5(3.5) 1.3 

11 2 27 2.5 1 100(4) 1.45 

 

TABLE 6-4 Cyclic Displacement History- Specimen S2-2 

Displacement 

Step 

Number of 

Cycles 

Cumulative 

No. of 

Cycles 

Disp. 

Δ/δyf 

Disp. 

mm(inches) 

Drift 

(%) 

1 2 2 0.25 25(1) 0.36 

2 2 4 0.5 50(2) 0.72 

3 2 6 0.75 75(3) 1.08 

4 2 8 0.875 87.5(3.5) 1.27 

5 2 10 1 100(4) 1.45 

6 2 12 1.25 125(5) 1.81 

7 2 14 1.5 150(6) 2.18 

8 2 16 1.75 175(7) 2.5 
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TABLE 6-5 Batch ID Key Table for Bi-Steel Panels 

Item Number Batch Number Panel Description Plate (1) ID Plate 2 ID 
1 BIS1078-DPN-001 PANEL 001 (12mm) 7K05565HB 7K07815HC 

2 BIS1078-DPN-002 PANEL 002 (8mm) MP620-1 MP589-1 

3 BIS1078-DPN-003 PANEL 003 (8mm) MP616-1 MP589-1 

4 BIS1078-DPN-004 PANEL 004 (8mm) MP616-1 MP620-1 

5 BIS1078-DPN-005 PANEL 005 (8mm) MP586-1 MP586-1 

6 BIS1078-DPN-006 PANEL 006 (8mm) MP620-1 MP616-1 

7 BIS1078-DPN-007 PANEL 007 (12mm) 7K07815HC 7K07815HC 

 

TABLE 6-6 Mechanical Properties of Batches used in Specimens 

Batch ID Yield Strength (MPa) Tensile Strength (MPa) Elongation (%)
MP586-1 474 537 32 

MP589-1 451 523 30 

MP616-1 525 579 24 

MP620-1 461 538 32 

7K05565HB 430 560 31 

7K07815HC 405 545 30 

 

TABLE 6-7 Summary of Peak Results 

Specimen  

Elastic 

Stiffness 

(kN/mm) 

Base 

Shear at 

Column 

Yielding 

(kN) 

Maximum 

Base 

Shear 

(kN) 

Fuse 

Ductility 

at 

Column 

Yielding 

Fuse 

Ductility 

at 

Maximum 

Drift 

Column 

Yielding 

Drift 

(%) 

Maximum 

Drift (%) 

Strength 

Reduction 

at 

Maximum 

Drift (%) 

S1 

S2-1 

S2-2 

19 

21.5 

8 

875 

881 

666 

982 

- 

806 

4 

4 

- 

8 

- 

- 

1.6 

1.6 

1.6 

3.3 

- 

4.3 

33 

- 

29 
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FIGURE 6-1 Hysteretic Curve of Specimen S1 

 

 
FIGURE 6-2 Hysteretic Curve of Specimen S2-1 
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FIGURE 6-3 Hysteretic Curve of Specimen S2-2 

 

 
FIGURE 6-4 Test 1 with SPSLs including Buckling Restraints 
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FIGURE 6-5 Premature Weld Failure at Lower End of East Column 

 

 
FIGURE 6-6 Premature Weld Failure at Lower End of East Column 
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FIGURE 6-7 Reinforcing Strip at Lower East End 

 

 
FIGURE 6-8 Reinforcing Strip at Lower West End 
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FIGURE 6-9  Whitewash Flaking of SPSLs at 1st half of the 33rd cycle (4”, 1.5% drift)    

 

 
FIGURE 6-10 Premature Weld Failure at Upper End of West Column 
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FIGURE 6-11 Isometric View of the Bi-Steel Panels  

 
FIGURE 6-12 Tension Coupon Results for Bi-Steel Material 
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FIGURE 6-13 West Column West End Yielding 

 

 
FIGURE 6-14 West Column West End Buckling 
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FIGURE 6-15 West Column North-West Corner Fracture 

 

 
FIGURE 6-16 West Column Fracture Propagation at 187.5mm displacement (7.5”, 

2.7% drift) 
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FIGURE 6-17 East Column East End Buckling 

 

 
FIGURE 6-18 East Column East End Buckling 
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FIGURE 6-19 West Column Damage at 2nd half of 46th Cycle (9”, 3.3% Drift) 

 

 
FIGURE 6-20 East Column Damage at 2nd half of 46th Cycle (9”, 3.3% Drift) 
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FIGURE 6-21 East Column Damage at 2nd half of 46th Cycle (9”, 3.3% Drift) 

 

 
FIGURE 6-22 Shear Failure at Middle Column Connection of West Column 
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FIGURE 6-23 Weld Undercut at Middle Column Connection of West Column 

 

 
FIGURE 6-24 East Column Concrete Condition at the End of the Test 
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FIGURE 6-25 West Column Concrete Condition at the End of the Test 

 

 
FIGURE 6-26 West Column Concrete Condition at Base 
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FIGURE 6-27 Crushed Concrete at the West Side of West Column  

 

 
FIGURE 6-28 Concrete Condition at South Side of East Column 
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FIGURE 6-29 Concrete Condition after Removing all Sides of East Column 

 

 
FIGURE 6-30 Minor Buckling Observation at the East Side of the East Column at 2nd 

Half of 27th Cycle (4”, 1.45% Drift) 
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FIGURE 6-31 Removal of Gusset Plate at the lower End of the West Column 

 

 
FIGURE 6-32 East Column Buckling at 2nd half of the 9th cycle (4”, 1.45% drift) 
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FIGURE 6-33 East Column Buckling at the 2nd half of the 10th cycle (4”, 1.45% drift) 

 

 
FIGURE 6-34 East Column Weld Fixing at the 2nd half of the 12th cycle (5”, 1.81% drift) 
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FIGURE 6-35 West Column Buckling at the 1st half of the 13th cycle (6”, 2.17% drift) 

 

 
FIGURE 6-36 Crack at the Shear Connector Location at the West Column at the 1st 

half of the 13th cycle (6”, 2.17% drift)  
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FIGURE 6-37 Crack at North East Corner of East Column at the 2nd half of the 13th 

cycle (6”, 2.17% drift) 

 

 
FIGURE 6-38 Crack at the Shear Connector Location at the East Column at the 2nd 

half of the 14th cycle (6”, 2.17% drift) 
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FIGURE 6-39 Crack in the South East Corner of the East Column at the 2nd half of the 

14th cycle (6”, 2.17% drift) 

 

 
FIGURE 6-40 Crack Propagation at the East Side of the East Column at the 1st half of 

the 15th Cycle ( 7”, 2.5% Drift) 
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FIGURE 6-41 Crack Propagation at the South Side of the East Column at the 1st  half of 

the 16th Cycle ( 7”, 2.5% Drift) 

 

 
FIGURE 6-42 Crack at the North West Corner of the West Column (7”, 2.5% Drift) 
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FIGURE 6-43 Damage at East Column at 8” Displacement (2.9% Drift) 

 

  
FIGURE 6-44 Crack Propagation at the North West Corner of the West Column at 9” 

Displacement (3.26% Drift) 
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FIGURE 6-45 Concrete Spalling from the East Column at 9” Displacement (3.26% 

Drift) 

 

  
FIGURE 6-46 Crack Propagation on the West Side of the West Column at 10” 

Displacement (3.62% Drift) 
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FIGURE 6-47 Damage at East Column at 10” Displacement (3.62% Drift) 

 

 
FIGURE 6-48 Damage at West Column at 12” Displacement (4.35% Drift) 
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FIGURE 6-49 Concrete Spalling from the West Column at 12” Displacement (4.35% 

Drift) 

 

 
FIGURE 6-50 Concrete Condition of West Column 
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FIGURE 6-51 Concrete Condition of East Column 
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SECTION 7  
ANALYTICAL INVESTIGATION AND COMPARISON WITH 

EXPERIMENTAL RESULTS 

7.1 General 

This section describes the analytical investigation conducted to replicate the experimental 

results presented in section 6. First, an investigation was done to figure out why yielding 

occurred at greater displacements than originally expected (as stated in section 6).  Other 

finite element analyses were then conducted to replicate the full range of results obtained 

from the experiments.  Finally all results are compared to highlight the difference in behavior 

between all tested specimens. 

7.2 Specimen Stiffness Investigation 

It was stated in section 6 that all the specimens were more flexible than expected. Three 

hypotheses that might explain the observed greater yield displacements of the links and the 

columns where investigated; first, the magnitude of the measured sliding at the base of the 

specimen was checked to see if a significant additional rigid body displacement was added to 

the specimen due to sliding, even though those magnitudes were apparently insignificant 

when checked in real-time during the tests. Figure 7-1 shows a plot of the base sliding vs. 

time for the north and south side of the specimen.  Only a minor amount of sliding of about 

1mm was observed (i.e. average between -0.2mm and 1.2mm) recorded by the instruments 

positioned on the North and South sides of the foundation), which is insignificant; thus, 

additional rigid body displacement could not explain the discrepancy between the expected 

and observed yielding displacements of the links and columns. 

Second, possible occurrence of base overturning was investigated; plots showing uplifting of 

the base corners are shown in figures 7-2 and 7-3. The maximum uplift displacement 

observed was 1.8mm which translates to a rotation angle of 8.5E-4 rad, and correspondingly, 

into about a 7mm top displacement due to rigid body rotation, which is a significant 

displacement with respect to the small displacements applied at the beginning of the test. 
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Third, since deformations at the top of the specimens were measured directly by the 

displacement transducers of the actuators (assuming a rigid reaction wall in the original 

instrumentation scheme), an investigation was conducted to assess the flexibility of the 

reaction wall under the applied loads to see if it experienced any significant elastic 

deformations, as a significant amount of force (about 1000kN) was applied to it at a height of 

25ft from the base. Linear elastic finite element analysis was performed using ABAQUS by 

modeling the reaction wall, and applying a force equal to the maximum capacity of the 

actuators (1777kN) at a height of 25ft. An elastic analysis was conducted, and S4R solid 

elements were used for the analysis. Figure 7-4 shows the model used for the analysis. The 

deflected shape is shown in figure 7-5, and the displacement corresponding to the maximum 

force applied was calculated and shown in figure 7-6. It can be seen that at about 1000kN 

force, a horizontal displacement of 6mm is observed in the wall.  This displacement, added to 

the 7mm contributed by the rigid body rotation described earlier, totals 13mm of additional 

displacement when a load of 1000kN was applied, which occurred during the final cycle of 

testing at a top displacement magnitude of 175mm, which is about 7.5% more than 

anticipated.  

In addition to the above correction, note that some modeling issues that occurred in the 

preliminary finite element model used to predict specimen displacements during the test were 

discovered at a later stage after testing of the specimens.  These are not reported here (as the 

solution was simply to fix the incorrect model), but this explains why yielding was observed 

to occur at a much larger displacement than originally anticipated for links.  However, even 

with the modeling issues corrected, the above correction due to reaction wall flexibility was 

necessary to obtain correct analytical results.   

Therefore, all results presented in this section take into account the above correction which is 

taken here as being linearly proportional to the load applied. 
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FIGURE 7-1 Base Sliding vs. Time; (a) North Side, (b) South Side 
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FIGURE 7-2 West Side Uplift 
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FIGURE 7-3 East Side Uplift 
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FIGURE 7-4 Reaction Wall Model 

 

 

FIGURE 7-5 Horizontal Displacement at 25ft height 
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FIGURE 7-6 Wall Displacement vs. Applied Force 

7.3 Specimen S2-2 Model 

In this section, a finite element model was developed to replicate the observed experimental 

behavior of the specimen S2-2 using ABAQUS/Explicit. The structural fuses replicating 

elements were then added in sections 7.4 and 7.5 to replicate specimen S-1, and specimen S2-

1. Dimensions of the specimens studied in this section match the dimensions of the 

specimens used in the experiments described in the previous sections. For each specimen, 

pushover and cyclic analyses were performed to replicate the experimental results discussed 

earlier. 

7.3.1 Finite Element Description 

7.3.1.1 Geometry Modeling and Meshing Algorithm 

Geometry modeling of the bare frame started using the Part Module by defining the columns 

as a surface (to be filled later with 3D deformable shell elements) constructed by having a 

box shape of dimensions 600x400mm extruded to the total specimen height of 6900mm. The 

concrete inside the columns (to be filled later using 3D deformable solid elements) was also 

created from dimensions of 600x400mm, and extruded to a height of 6900mm. The cap beam 

was then generated into three parts using 3D rigid solid of dimensions 1250x600x600mm. 

Three dimension deformable wire elements were used to model the Bi-Steel shear studs 

embedded in the columns, and spaced at 200mm in both directions.  



232 

Using the Assembly Module tools, the parts were then positioned, relative to each other in a 

global coordinate system, to create the final assembly (note that some parts were used more 

than once). At this point, the parts are not yet connected to each other, even though one part 

may be located adjacent to other parts.  

The Interaction Module tools were used to connect the parts in the model.  The Tie 

Constraints option, which allows effectively merging the interface nodes, was used to tie the 

cap parts to the columns. Tie Constrains was also used to tie the shear studs to the columns. 

The Tie Constraints were assumed to replicate the welds present in the specimen instead of 

introducing weld constrain conditions in ABAQUS, as using the Tie Constraints option will 

decrease the time required to run the analyses taking into account that no weld failure was 

anticipated between the tied parts. However, the Surface to Surface Contact option was used 

between the columns and the infill concrete to replicate the contact condition between both 

surfaces and to allow normal separation from which buckling of the steel would be captured. 

A contact interaction property can define tangential behavior (friction and elastic slip) and 

normal behavior (hard, soft, or damped contact and separation). The tangential behavior was 

chosen using a friction model that defines the force resisting the relative tangential motion of 

the surfaces in a mechanical contact analysis. The Penalty option of ABAQUS was used; this 

option uses a stiffness (penalty) method that permits some relative motion of the surfaces (an 

“elastic slip”) when they should be sticking. While the surfaces are sticking (i.e., τ < τcritical), 

the magnitude of sliding is limited to this elastic slip. The coefficient of friction between steel 

and concrete was arbitrary taken as 0.35, as multiple analyses were conducted to investigate 

the sensitivity of changing this parameter; it was found out that no significant effect on the 

global behavior of the model was observed over a range of values that seemed reasonable, 

(ranging from 0.25 to 0.5) and the chosen value was selected for convenience. The behavior 

in the direction normal to the steel-concrete interface was defined using the Hard Contact 

pressure-overclosure relationship; the hard contact relationship minimizes the penetration of 

the slave surface into the master surface at the constraint locations and does not allow the 

transfer of tensile stress across the interface. When surfaces are in contact, any contact 

pressure can be transmitted between them. The surfaces separate if the contact pressure 

reduces to zero. Separated surfaces come into contact when the clearance between them 

reduces to zero. 
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7.3.1.2 Element Definitions  

S4R shell elements were used for the steel columns; this is a four node doubly curved 

general-purpose conventional shell element with reduced integration and hourglass control. 

Reduced integration together with hourglass control can provide more accurate results, as 

long as the provided elements are not distorted (i.e., that they remain relatively close to being 

square in shape), and  significantly reduce running time especially for three dimension 

analysis.  

The S4R shell element basically has the same behavior as the S4 shell element; the difference 

between the two being the number of integration points. The S4R shell element has only one 

integration point (in the middle of the element) compared to four integration points for the S4 

shell element. Later in this section, a comparison study is done to compare the results 

obtained by the two different element definitions. 

C3D8R brick elements were used for the infill concrete and the cap; this is an eight node 

linear brick element with reduced integration (1 integration point) and hourglass control, 

having the same benefits mentioned above compared to the C3D8 brick element. 

7.3.1.3 Material Definitions 

The material nonlinearity was defined using the nonlinear combined kinematic/isotropic  

hardening plasticity model available in ABAQUS. The Von Misses yield criteria was chosen 

to define the plastic behavior of the link, which is suitable for ductile materials such as steel. 

Poisson’s ratio was assumed to be equal to 0.3 which is typical for structural grade steel. For 

the analyses, the properties of the A572 Gr.50 steel that was used for the columns were taken 

from the coupon tests described earlier in section 5.  From these properties, true stresses 

(Cauchy stresses) and logarithmic plastic strains where then calculated from the following 

equations.  

 (1 )= +true nom nomσ σ ε  (7-1)   

 ln (1 )= + −pl true
nomLn

E
σε ε  (7-2)   
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A Concrete Damaged Plasticity model in ABAQUS was used to simulate the behavior of 

concrete infill. This model is based on the models proposed by Lubliner et al. (1989) and by 

Lee and Fenves (1998). The model defined in ABAQUS is a continuum plasticity-based 

damage concrete model that assumes two main failure mechanisms; namely tensile cracking 

and compressive crushing of the concrete material, and for which the uniaxial tensile and 

compressive response of concrete is characterized by damaged plasticity.  

Figure 7-7 shows the stress-strain curve for the concrete damaged plasticity model used in the 

analyses, and a brief explanation of some of the key parameters that define this model 

follows. 

 

FIGURE 7-7 Stress-Strain Curve for Concrete Damaged Plasticity Model (ABAQUS 

Manual) 

 

As defined in the ABAQUS manual, under uniaxial tension, the stress-strain response follows 

a linear elastic relationship up to a point where tensile failure occurs at a stress equal to σto at 

which micro-cracking starts to develop in concrete. Beyond this failure stress, the formation 

of micro-cracks is represented macroscopically with a softening stress-strain response.  

On the other hand, under uniaxial compression the response is linear until the value of the 

initial yield stress, σco, and then the response is characterized by stress hardening in the 
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plastic regime followed by strain softening beyond the ultimate stress, σcu. When the concrete 

is unloaded from any point on the strain softening branch of the stress-strain curves, the 

unloading response is weakened and the elastic stiffness of the material is degraded due to 

damage. The degradation of the elastic stiffness is characterized by two variables, namely dt 

and dc, these values are functions of the plastic strains and computed by the model and must 

be less than or equal to one and greater than or equal to zero, as they represent the percentage 

of damage in the cross section due to cracking in tension and crushing in compression 

respectively. 

Under cyclic loading conditions the degradation mechanisms involves the opening and 

closing of previously formed micro-cracks and their interaction. The stiffness recovery effect, 

namely some recovery of the elastic stiffness as the load changes sign in cyclic test, is 

considered. The weight factors, wt and wc, (which are assumed to be material properties) 

control the recovery of the tensile and compressive stiffness upon load reversal. wc, which 

results in the recovery of the compressive stiffness, is more important because when the load 

changes from tension to compression, tensile cracks will close. Default values of wt and wc 

proposed by the ABAQUS manual were chosen for the analysis, namely wt=0, wc=1. The 

effect of changing these values is illustrated in figure 7-7. 

 For the tension stiffening effect, Concrete Tension Stiffening (Type=Strain) option of 

ABAQUS was used. The tensile failure stress, σto, was assumed to be equal to 1/10 times of 

the compression yield stress, σco, and the reduction of concrete tensile strength to zero was 

assumed to occur at 10 times the compression strain at which failure occurs. Results from 

cylinder tests done for the concrete used in the experimental testing described earlier in 

section 5 were used to define the compression stress-strain curve of concrete that was used in 

the analyses. Note that this model does not account for possible increase in concrete 

compressive strength due to confinement, and allow for a limited range of plastic strains 

before progressive loss of compression strength.  These were deemed to be reasonable 

assumptions given the scope of the current research. 

7.3.1.4 Boundary Conditions and Loading  

Using the Load Module, boundary conditions were specified by restraining all the nodes at 

the base of the columns, replicating a fixed end condition. Using the Amplitude option, two 

types of loading conditions were defined and applied to a reference point located on one edge 
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of the rigid cap. The first was a monotonic pushover displacement, and the second was a 

cyclic displacement protocol replicating the one used for the bare frame in section 5. 

7.3.1.5 Meshing Algorithm and Sensitivity 

Meshes were generated on the merged model using the Mesh Module after “seeding” every 

edge by specifying the number of elements desired along that edge (Edge by Number rule). 

The models were meshed entirely using quadrilateral elements. The bare frame members 

were meshed using the Structured Meshing Technique. As stated in the ABAQUS manual 

“This technique is most appropriate for simple regions that have no holes, isolated edges, or 

isolated vertices like the columns.”  

Preliminary models where constructed using several mesh refinements to examine the 

convergence of the model to chose a final mesh refinement and element type that could fairly 

represent the behavior of the bare frame with reasonable machine running time. First a mesh 

was chosen with element edge length of approximately (150mm) for the steel columns and 

concrete infill, and denoted as Mesh (a). Another mesh was developed with element edge 

length of approximately (50mm) and denoted as Mesh (b).  Both meshes are shown in figure 

7-8.  

Base shear versus top displacement results for the monotonic loading for both meshes are 

plotted in figure 7-9. It was observed that both meshes give exactly the same results.  

In spite of the fact that local buckling was not observed in the pushover curve, Mesh (b) was 

chosen to represent the bare frame cyclic behavior, as it showed satisfactory performance in 

absence of buckling (i.e. adequate for the structural fuse concept investigated here).  Also, 

although an accurate representation of the development of column local buckling was not the 

primary focus of this study, it was anticipated that the chosen mesh would allow capturing to 

some extent the columns local buckling that was expected to develop after yielding of the 

bare frame after 100mm top displacement. Vyf , Δyf , and Kf were calculated at the point where 

initiation of steel yielding started to occur in the finite element model, these values were 

found to be equal to 740kN, 100mm, and 7.4kN/mm respectively.  Note that the initial 

softening in the push-over curve prior to those values is due to tension cracking of the 

concrete (modeled as a progressive tension strength loss by the concrete damaged plasticity 

material type described earlier).  
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                                        Mesh (a)                                          Mesh (b) 

FIGURE 7-8 ABAQUS Models for Specimen S2-2 

 

FIGURE 7-9 Pushover Comparison for Meshes (a) and (b) 
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7.3.2 Comparison with Experimental Results 

Figure 7-10 shows a comparison between the experimental data, the ABAQUS cyclic 

analysis, and the ABAQUS pushover analysis. It can be seen that both the experimental and 

analytical cyclic data match well, as the entire peak base shear values were captured along 

with the strength and stiffness degradation of the specimen that occurred due to the local 

buckling of the columns. Only the last cycle did not match exactly the experimental data; this 

is due to the fracture that occurred in one of the columns as described in section 6, as the 

ABAQUS model considered here does not take into account fracture failure (no such damage 

modeling was attempted in the analysis). 

It can also be seen that the pushover analysis gives slightly higher results than that of the 

cyclic analysis; this is attributed to the fact that the local buckling in the composite columns 

does not develop as easily during a pushover analysis because the faces of the composite box 

columns that are subjected to monotonic tension only stretch,(i.e. they are not subjected to the 

reversed loading under which these longer members would be easier to buckle), and the faces 

in compression can only develop local buckling if crushing starts to develop in the concrete 

infill.  Under cyclic loading condition, local buckling can develop in both faces due to the 

fact that the stretched steel plates becomes longer and thus easier to buckle when compressed 

after being stretched (even if concrete was infinitely rigid and strong in compression).  Figure 

7-11 shows Von Misses contour results for the pushover analysis of specimen S2-2 up to a 

top displacement of 175mm (2.5% drift), it can be seen that only minor local buckling is 

observed at the compression sides, which again explains the reason for having higher base 

shear values that anticipated for the pushover analysis. 

Figure 7-12 shows a comparison between the ABAQUS Cyclic Analysis and Experimental 

Cyclic Data for the East Column at 150mm Top Displacement (2.17% Drift). It can be seen 

that the ABAQUS model captured the local buckling in the columns that was observed during 

testing. 
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FIGURE 7-10 Comparison between Experimental and Analytical Results for Specimen 

S2-2 

Figure 7-13 shows a comparison between the locations of local buckling observed at the west 

column after the test was terminated and the columns has been flamed cut, and the local 

buckling captured by finite element analysis. Concrete has been removed from the results 

shown in figure 7-13(a), as well as all the steel above the location where local buckling was 

observed to better show the other faces, and the bars inside. The similarity between both 

results can be seen: buckling at the east side of the column is located between two rows of 

shear studs in both cases, and buckling developing on both the south face of the column as 

well as at its north-east corner can be seen.  

Figure 7-14 shows a comparison between the Experimental data obtained for the deflected 

shape of the columns versus the ABAQUS analytical results. The experimental data was 

obtained using the 5 string potentiometers located at 1000mm, 2700mm, 3900mm, 5300mm, 

and 6700mm respectively from the top of the foundation. It can be seen that the analytical 

and experimental results match well. A double curvature behavior with an inflection point at 
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about 1/3 height from the base is observed; indicating that the two twin columns behaves as a 

frame with bending moments developing more at the bottom than the top of the columns. 

 

 

            

 

 

FIGURE 7-11 Von Misses Contours Results for Pushover Analysis of Specimen S2-2 at 

175mm Top Displacement (2.5% Drift); (a) South Side, (b) North Side 

Local Buckling Locations on 

Compression Sides 

North Side

(b)(a) 
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FIGURE 7-12 Comparison between the ABAQUS Cyclic Analysis and Experimental 

Cyclic Data for the East Column at 150mm Top Displacement (2.17% Drift) 

 

              

                (a)                                                                               (b) 

FIGURE 7-13 Local Buckling of West Column at End of Test 

 

Local Buckling Locations  Local Buckling Locations  



242 

 

FIGURE 7-14 Comparison between the Deflected Shape of Columns at Various Drift 

Levels for Specimen S2-2 

As stated in section 5.10.1, eight strain gages were installed at the top and bottom of each 

column (two per face) to monitor the moments and axial forces at these critical points for a 

total of 32 strain gages. Average strain values for the two strain gages installed on each face 

were calculated, and the corresponding results are presented through the rest of this section. 

Average strain values obtained from strain gages for both columns at top and bottom are 

shown in figures 7-15 and 7-16. It is observed that the bottom of the columns started to yield 

before the top. Also local buckling can be inferred by the sudden increase of strain readings 

in the bottom of both columns. All of the readings from the strain gages at the top of the 

columns were elastic except the west side of the top east column, which experienced sudden 

increase in strain readings. As no signs of local buckling was observed at the top of the 
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columns during testing, this sudden increase could be attributed to a malfunction in one of the 

strain gauges that were installed at the west side of the top east column.  

 

 

FIGURE 7-15 Average Strain Values for Top and Bottom of the East Column from 

Strain Gages (different vertical axis scales used) 
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FIGURE 7-16 Average Strain Values for Top and Bottom of the West Column from 

Strain Gages (different vertical axis scales used)  

The first yielding points were located at the East side of the bottom East column, and at the 

West side of the bottom West column, at 75mm top displacement. Average strain gage 

readings were transformed into stresses by multiplying them by the steel elastic modulus (as 

all the strains where elastic up to this point), then compared to average stress readings (S11) 

from the ABAQUS model (at the same location of the strain gages) as shown in table 7-1. 
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TABLE 7-1 Stresses Comparison between FEM and Experimental at 75mm Top 

Displacement 

 

Bottom Top 

East Column West Column East Column West Column 

East Side West Side East Side West Side East Side West Side East Side West Side 

Exp. +0.48 -0.2 +0.2 -0.48 -0.1 +0.38 -0.35 +0.13 

FEM +0.49 -0.25 +0.25 -0.50 -0.1 +0.42 -0.41 +0.12 

 

7.4 Specimen S1 Model 
7.4.1 Finite Element Description 

7.4.1.1 Geometry Modeling  

The same bare frame model used for specimen S2-2 was used here for specimen S1, and 

augmented by the addition of the SPSLs as structural fuses. For specimen S1, two ABAQUS 

models where conducted: A first one to represent the experiments performed for the SPSLs 

without lateral restraints (Test 2 and Test 3 as described in section 6), and a second model to 

represent the incomplete testing performed on the SPSLs with the presence of the lateral 

restraints (Test 1 as described in section 6). 

For both models, the Part Module was used to define two 3D deformable planar shell parts; 

one is the yielding portion of the SPSL with thickness equal to 5mm (3/16”), and the other is 

the connection part of the SPSL which contains the bolt holes with thickness equal to 8mm 

(5/16”) and required to remain elastic during the analysis.   

Using the Assembly Module the SPSL parts were then positioned relative to each other in a 

global coordinate system. After that the Interaction Module was used to connect the parts 

using the Tie Constrain option that allows the merging of the interface nodes. Again the Tie 

Constrain was used to merge the edges of the yielding portion of the SPSLs to the connection 
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parts, then merging the connection parts to the steel columns. The only difference between 

the two models constructed for this specimen is that, in one case (i.e. for Test 1), the SPSLs 

are restrained from out- of- plane motion using the Load Module to impose a boundary 

condition of zero displacement in the out-of-plane direction. Figure 7-17 shows the 

ABAQUS model of specimen S1. 

 

FIGURE 7-17 ABAQUS Model for Specimen S1 

7.4.1.2 Material Definitions 

Properties of the A572 Gr.50 steel used for the SPSLs were obtained from coupon tests 

described earlier in section 5, and true stresses (Cauchy stresses) and logarithmic plastic 

strains where then calculated using equations (7-1), and (7-2).  

7.4.1.3 Meshing Algorithm and Sensitivity 

Meshing was then generated using the Mesh module; seeding of the edges was done by 

specifying the number of seeds required for all the edges, and a structured mesh was then 

chosen. 
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Meshing sensitivity for the SPSLs was studied earlier in section 4.11.4.1 to examine the 

convergence of the results and to choose a final mesh refinement that could fairly represent 

the behavior of the SPSL with reasonable computational time.  A SPSL mesh with 

approximate element lengths of 1” for the largest element used was retained to represent the 

SPSLs behaviors under investigation. 

Note that meshing of the bare frame was chosen as mesh (b) for that particular analysis. Base 

shear versus top displacement results for the monotonic loading for the bare frame with 

SPSLs is plotted in figure 7-18.  

It can be seen from figure 7-18 that the yield displacement of the SPSLs, Δyb, is equal to 

32mm, and the yield strength at that displacement level, Vyb, is equal to 510 kN. While the 

total yield strength of the system, Δytot , is equal to 900 kN and calculated at 100mm 

displacement (i.e the yield displacement of the bare frame). A maximum ductility, μmax, of 

3.125 is achieved before yielding of the columns. 

 

 

FIGURE 7-18 Pushover Curve for the Bare Frame with SPSLs Added 
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7.4.2 Comparison with Experimental Results (Test 2 & Test 3) 

Figure 7-19 shows a comparison between the experimental data, the ABAQUS cyclic 

analysis, and the ABAQUS pushover analysis for the cases with laterally unrestrained SPSLs. 

It can be seen that both the experimental and analytical cyclic data match well, as the entire 

peak base shear values were captured along with the strength and stiffness degradation of the 

specimen that occurred due to the local buckling of the columns. Only the last cycle did not 

match exactly the experimental data due to the fracture that occurred in one of the columns as 

described in section 6.  

 

FIGURE 7-19 Comparison between Experimental and Analytical Results for Specimen 

S1 (Test 2 & Test 3) 

 

Figure 7-20 shows a comparison between the experimental data obtained for the deflected 

shape of the columns versus the ABAQUS analytical results. As explained before, the 
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experimental data was obtained using the 5 string potentiometers located at 1600mm, 

3000mm, 4400mm, 5700mm, and 6800mm respectively from the top of the foundation. It can 

be seen that the analytical and experimental results match well. The columns behave 

differently before and after yielding of the SPSLs. Before the SPSLs yield, the entire pier 

consisting of the two columns and the links behave as one vertical cantilever member, with 

the columns being the flanges of that member, and the links being its web. Therefore a single 

curvature behavior is observed for the system up to the point where the SPSLs start to yield at 

32mm (0.46% drift); thereafter the columns behave individually as two columns in a frame 

and a double curvature develops. 

 

FIGURE 7-20 Comparison between the Deflected Shape of Columns at Various Drift 

Levels for Specimen S1 
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Figure 7-21 shows the average strain values for the bottom of both columns of specimen S1 

up to 75mm top displacement (1% drift). In spite of the fact that testing continued until the 

columns failed, the average strains are reported here only up to the point where yielding 

started to occur in the columns (i.e. end of the structural fuse strategy). This is to illustrate 

that all the hysteretic behavior seen is only due to the contribution of the fuses while the 

columns are still elastic up to that point. It can be seen that the columns are still elastic at that 

level of drift and the observed hysteretic behavior of the total system is a result of the SPSLs 

yielding. Signs of yielding started to appear in the columns at the 100mm top displacement 

cycle (1.5% drift), i.e. beyond the range of displacements shown in figure. 
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FIGURE 7-21 Average Strain Values for Bottom of the Columns from Strain Gages up 

to 75mm Top Displacement (1% Drift) for Specimen S2-1 
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Figure 7-22 shows the applied top displacement vs. time until the onset of column yielding at 

6500 sec which was observed to develop at a 100mm top displacement based on strain gages 

readings. Figure 7-23 shows the link displacement vs. time for SPSL 5, 6, and 7 for the two 

diagonal string pots installed at the corners of each SPSL as described earlier in section 

5.10.2. The time window selected for the plot is the same as for figure 7-22, i.e. from the 

beginning of the test until signs of yielding started to occur at the column base. It is seen from 

the figure that the SPSLs are oscillating around the zero elongation value and positive and 

negative elongation values are observed in the figure, due to the fact that the columns shear 

the SPSLs in both directions during the cyclic loading. After the point where the SPSLs 

yielding started to occur at 3000 sec (corresponding to a 32mm top displacement), residual 

elongations started to build up, shifting the plot form the zero elongation point.  This 

behavior was further investigated using the finite element model. It was found out that before 

yielding of the SPSLs, the forces developed in the SPSLs are shear forces that translates into 

axial forces in the columns. While after the SPSLs yield, tension field action starts to develop 

in the links introducing both axial and transverse forces on the columns. These transverse 

forces tend to pull the columns closer to each other. The distance moved by the columns 

observed by the finite element simulation at the onset of column buckling was found out to be 

5mm, which is almost the same residual negative elongation measured by the instruments at 

the end of the test as shown in figure 7-23.          

 

 

FIGURE 7-22 Applied Top Displacement vs. Time until the Onset of Column Yielding 

 

Onset of Column Yielding
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FIGURE 7-23 Links Diagonal Elongation vs. Time; (a) SPSL 5, (b) SPSL 6, (c) SPSL 7 

Figure 7-24 shows the deformed shape of the SPSLs at the end of testing; similar behavior is 

observed in the FEM model. Figure 7-25 shows the analytically obtained out of plane 

deformation of the SPSLs due to the local buckling of the links at 175 mm top displacement 

Onset of SPSL Yielding 

Onset of SPSL Yielding 

Onset of SPSL Yielding 
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(2.5% drift); the maximum out of plane displacement is about 75mm. The links are numbered 

1 to 8 from top to bottom. 

 

FIGURE 7-24 SPSLs Deformation at Test Termination 

 

FIGURE 7-25 Out of Plane Deformation of SPSLs at 175mm Top Displacement (2.5% 

Drift) 

Figure 7-26 shows the in-plane principal stresses vectors and contours for SPSL 4 at 175mm 

top displacement (2.5% drift).  A Tension field strip can be seen to develop along the 

diagonal of the SPSL with a width of about 228mm (9”), and an angle of 55 degrees to the 

horizontal. Further investigation, looking at the stress vectors also shown in that figure, 
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actually reveals a diagonal tension field acting at 45 degrees in the middle of the plate 

(showing the dominance of pure shear yielding there), and stresses re-orienting to remain 

parallel to the plate edges near those edges, where shear and flexure combine. 

 (a) 

(b) 

FIGURE 7-26 In-Plane Principal Stresses at 175mm Top Displacement (2.5% Drift); (a) 

Vectors, (b) Contours 

7.4.3 Analytical Results for Test 1 Model 

Figure 7-27 shows a comparison between the experimental and analytical results for 

Specimen S1 (Test 1) having laterally restrained SPSLs. It was unfortunate that the 

experimental testing of test 1 was terminated at a top displacement of 50mm (0.72% drift) 

due to a sudden weld failure at one of the bottom splices as described earlier in section 6. 
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Nevertheless, the comparison between the analytical models and experimental results for the 

previous tests gave confidence about the accuracy of the analytical model, and the 

analytically predicted behavior of the frame with the laterally restrained SPSLs calculated 

using the ABAQUS model is presented in figure 7-27 as if the entire cyclic history had been 

applied to that case, for information purposes.  Obviously, that extrapolation is speculative 

and not verified by experimental results at this stage; however, further studies on laterally 

restrained SPSL presented in Section 9 will further investigate the conditions under which 

this behavior could have been obtained. 

 

FIGURE 7-27 Comparison between Experimental and Analytical Results for Specimen 

S1 (Test 1) 

Figure 7-28 shows the maximum in-plane principal stresses contour plot for SPSL 4 at 

175mm top displacement (2.5% drift). Pure shear yielding can be seen in the middle part of 

the link, while pure flexural yielding is observed in the top and bottom of the links as seen in 

the figure.  Again, this will be further investigated in Section 9. 

ABAQUS Cyclic 
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FIGURE 7-28 Maximum In-Plane Principal Stresses at 175mm Top Displacement 

(2.5% Drift) 

7.5 Specimen S2-1 Model 

7.5.1 Finite Element Description 

7.5.1.1 Geometry Modeling and Meshing Algorithm 

The same bare frame model used for specimen S2-2 was used here for specimen S2-1 model, 

in addition of the BRBs as the structural fuses. First the Part Module was used to define two 

3D deformable wire parts, one is the yielding portion of the BRB and the other is the 

connection part of the BRB which was required to remain elastic during the analysis by 

modifying its thickness.  

Using the Assembly Module the parts was then positioned relative to each other in a global 

coordinate system; the connection part was used twice in the assembly. After that the 

Interaction Module was used to connect the parts using the Tie Constrain option that allows 

the merging of the interface nodes. Again the Tie Constrain was used to merge the edges of 

the BRBs to the steel columns. Note that the gusset plates to which the BRB connected were 

not modeled; therefore, some stress concentration due to the “point load” effect of connecting 

the BRBs to single nodes in the steel was expected. Nevertheless, these few points of 

fictitiously high stress concentration were not expected to affect the global system behavior 

being investigated. 

Pure Shear Yielding

Pure Flexural Yielding

Pure Flexural Yielding 
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Meshing was then generated using the Mesh module, first seeding of the edges was done by 

specifying the number of seeds required for all the edges, a structured mesh was then chosen. 

Figure 7-29 shows the ABAQUS model of specimen S2-1. 

7.5.1.2 Material Definitions 

Steel used for the BRB’s yielding core was specified to be ASTM A572 Gr. 50 and obtained 

from coupon tests described earlier in section 5.8.1. True stresses (Cauchy stresses) and 

logarithmic plastic strains where then calculated using equations (7-1), and (7-2).  

                    

FIGURE 7-29 ABAQUS Model for Specimen S2-1 

 

7.5.2 Comparison with Experimental Results 

Figure 7-30 shows a comparison between the experimental data, the ABAQUS cyclic 

analysis results, and the ABAQUS pushover analysis results. It can be seen that both the 

experimental and analytical cyclic data match well, as the entire peak base shear values were 

captured along with the strength and stiffness degradation of the specimen that occurred due 

to the local buckling of the columns. 

Figure 7-31 shows a comparison between the Experimental data obtained for the deflected 

shape of the columns versus the ABAQUS analytical results. The experimental data was 

BRBs
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obtained using 5 string potentiometers located at 2000mm, 3400mm, 4500mm, 5600mm, and 

6500mm respectively from the top of the foundation. It can be seen that the analytical and 

experimental results match well. The columns behave differently before and after yielding of 

the BRBs, similarly to what was observed for the SPSLs case. Before the BRBs yield, the 

entire pier consisting of the two columns and the BRBs behave as one vertical cantilever 

member, with the columns being the flanges of that member, and the links being its web. 

Therefore a single curvature behavior is observed for the system up to the point where the 

SPSLs start to yield at 32mm (0.46% drift); thereafter the columns behave individually as 

two columns in a frame and a double curvature develops. 

Figure 7-32 shows average strain gage readings for the bottom of both columns of specimen 

S2-1. Similarly to what was observed for the SPSLs case, it can be seen that both sides of 

both columns remained elastic during testing, except at the 100mm (1.5% drift) cycle the east 

face of the west column started to yield accompanied by minor local buckling as described in 

section 6. 
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FIGURE 7-30 Comparison between Experimental and Analytical Results for Specimen 

S2-1 

 

FIGURE 7-31 Comparison between the Deflected Shape of Columns at Various Drift 

Levels for Specimen S2-1 
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FIGURE 7-32 Average Strain Values for Bottom of the Columns from Strain Gages for 

Specimen S2-1 
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7.5.3 Buckling Restrained Braces Results 

For illustration purposes, figure 7-33 shows a plot for the total lateral force vs. the axial BRB 

displacement hysteretic curve for BRB3 (numbered from top to bottom), as the high inelastic 

deformation was expected to occur in the middle BRBs, while the top and bottom BRBs were 

expected to have relatively low inelastic deformations due to the fixed end conditions of the 

top and bottom. It was difficult to obtain a representation of the hysteretic behavior of a 

typical BRB due to the absence of direct measurement of the axial forces in the BRBs used in 

this specimen. Total lateral force is therefore used as a proxy for the possible axial force 

acting in a typical BRB for the current purpose. To complete the information presented here, 

the experimental behavior of the BRB used in this specimen is further investigated in Section 

8.   

Nevertheless, it can be observed from the figure that the typical BRB shown experienced 

inelastic deformation and that a maximum deformation of 12Δy was reached (equivalent is to 

2% strain in the BRB yielding core) at the onset of the column yielding. The hysteretic curves 

for all other BRBs are presented in figure 7-34. Table 7-2 summarizes some key BRB results. 

It can be seen that BRB 4 is the one experiencing the maximum axial displacement (24Δy, 4% 

strain), while the maximal axial deformation of the BRBs decreases for those BRBs located 

closer to the top and bottom of the columns, which is expected as explained earlier. Note that 

BRB4 is experiencing more axial displacement than BRB3, because the inflection point of 

the columns was not observed at their centerline but rather below the centerline. 

 It can also be seen from the figures that the plots are not exactly typical of what is expected 

from a BRB hysteretic curve.  As will be described in more details in Section 8, this is due to 

the facts that only one string potentiometer was installed for each BRB to measure their axial 

displacements, and that the BRBs experienced some differential rotation between their pins, 

which could not be predicted before testing, and which affected the results obtained by the 

instrumentation.  

As mentioned above, it was decided after termination of the test to retest some of the BRBs 

that experienced only small inelastic deformations and that were therefore still in their close 

to “virgin” state, such as BRBs 1 and 6 (i.e. the top and bottom BRBs). In these further BRB 

components testing, four string potentiometers will be used to measure the average axial 
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displacement of the BRBs, allowing to better understand and to eliminate the effect of the 

rotation that was experienced during testing, to obtain correct hysteretic curves for the types 

of BRBs used here. These further tests will also allow obtaining actual hysteretic curves for 

the BRBs expressed in terms of the measured actual axial forces applied to the BRBs.  These 

experiments and results for BRB component testing will be discussed in section 8. 

TABLE 7-2 Summary of BRB Results 

BRB  Δmax (mm) Δ/Δy Strain  
1 2 3 0.67% 
2 4 6 1.33% 
3 6 8 2% 
4 12 17 4% 
5 6 8 2% 
6 5 7 1.67% 

 

 

FIGURE 7-33 Total Lateral Force vs. Axial BRB Displacement Hysteretic Curve for 

BRB3 

BRB 3 
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FIGURE 7-34 Total Lateral Force vs. Axial BRB Displacement Hysteretic BRBs Curves  
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7.5.4 Plastic Analysis 

Figure 7-35 shows the free body diagram for a single column utilizing the BRBs, from which 

the maximum system base shear, VDt, can be calculated by taking sum of the forces along the 

vertical axis: 

 P
Dt y b

tot tot

4M LV n A sin
H H

⎛ ⎞
= + σ θ⎜ ⎟

⎝ ⎠
 (7-3) 

where n is the number of BRBs, Ab is the cross section area of the yielding portion of the 

BRB, and σy is the yield strength of the BRB. 

Similarly to the case of SPSLs described before in section 4.9, it can be seen that the first 

term of the equation represents the maximum bare frame shear strength, from which it is 

concluded that the contribution of the BRBs to the maximum shear strength, VDS, is 

calculated as: 

 Ds y b
tot

LV n A sin
H

⎛ ⎞
= σ θ⎜ ⎟

⎝ ⎠
 (7-4) 

The contribution of the BRBs to the total elastic lateral stiffness of the system can be 

calculated by dividing the contribution of the BRBs to the maximum shear strength, VDS, by 

the top horizontal displacement that corresponds to the onset of BRB yielding. Figure 7-36 

show the geometric relationship between the top displacement and the BRB displacement. 

The following relationships can be concluded from the figure as follows: 

 xcos Δθ =
Δ

 (7-5) 

 
max tot

H
H

Δ =
Δ

 (7-6) 

 x BRB yscLΔ = ε  (7-7) 

where Lysc is the yielding portion of the BRB. 
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Substituting  equation (7-7) into equations (7-5) and (7-6) then rearranging: 

 BRB ysc tot
max

L H
H cos

ε
Δ =

θ
 (7-8) 

The BRB lateral stiffness contribution, Kb, can now be calculated as: 

 Ds
b

ymax

VK =
Δ

 (7-9) 

where Δymax, is the top displacement that corresponds to the onset of BRB yielding. 

Substituting equations (7-4) and (7-8) into equation (7-9), the value of Klat can be calculated 

as: 

 y b
lat 2

yBRB ysc tot

n A LH sin cos
K

L H
σ θ θ

=
ε

 (7-10) 

where εyBRB is the yield strain of the BRB. 

Taking into account that: 

 y

yBRB

E
σ

ε
=  (7-11) 

substituting equations (7-11) into equation (7-10): 

 b
b 2

ysc tot

nEA LHsin cosK
L H

θ θ=  (7-12) 
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FIGURE 7-35 Free Body Diagram of a Single Column with BRBs 

 

FIGURE 7-36 Geometric Relationship between BRBs and the Columns 

Px=Fyp.A.cosθ 
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7.6 Comparison of Pushover Results 

Figure 7-37 shows the pushover results comparison for all specimens. A stiffness increase of 

80% is observed between the bare frame (specimen S2-2) and the frame with the structural 

fuses inserted between the columns. A 30% strength increase is also observed between 

Specimen S2-2 and Specimen S1, while a 20% increase is observed between Specimen S2-2 

and Specimen S2-1. A 60% strength increase would have been expected if the lateral 

restraints had been left in place for the test, from which it is concluded that, the lateral 

restraints has a huge effect of strength increase. Recall that the desired increase in strength 

and maximum ductility are parameters selected by the designer; for the case at hand, this was 

dictated in many aspects by experimental constraints as described in Section 5.  

Equations developed earlier in sections 4.9 and 7.5.4 to estimate the elastic stiffness and the 

base shear of the specimen utilizing both the SPSLs and the BRBs were compared against the 

FEM and the experimental data. Table 7-3 summarizes these results, it can be seen that the 

equations gives good estimates of both the stiffness and the base shear compared to the FEM 

and the experimental data. Detailed calculations of the base shear and elastic stiffness for all 

specimens are presented in Appendix B. 

TABLE 7-3 Comparison Summary of Peak Results 

Specimen 

Elastic 
Stiffness 
(kN/mm) 

(Exp.) 

Elastic 
Stiffness 
(kN/mm) 

(equations) 

Base 
Shear at 
Column 
Yielding 

(kN) 

(Exp.) 

Base 
Shear at 
Column 
Yielding 

(kN) 

(FEM-
Pushover) 

Base 
Shear at 
Column 
Yielding 

(kN) 

(FEM-
Cyclic) 

Max. 
Base 
Shear 
(kN) 

(Exp.) 

Max. 
Base 
Shear 
(kN) 

(FEM-
Cyclic) 

Maximum 
Base Shear 

(kN) 

(equations) 

Fuse 
Ductility 

at 
Column 
Yielding 

(Exp.) 

Column 
Yielding 
Drift (%) 

(Exp.) 

Max. 
Drift 
(%) 

(Exp.) 

Strength 
Reduction 

at 
Maximum 
Drift (%) 

(Exp.) 

S1 (Unrest.) 

S1 (Rest.) 

S2-1 

S2-2 

22 

22 

21.5 

8 

24 

22 

32 

9.7 

875 

- 

881 

666 

950 

1150 

900 

740 

880 

1100 

885 

670 

982 

- 

- 

770 

980 

1150 

- 

760 

1133 

1243 

1149 

788 

4 

- 

4 

- 

1.6 

- 

1.6 

1.6 

3.3 

- 

- 

4.3 

33 

- 

- 

29 
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FIGURE 7-37 Pushover Results Comparison for All Specimens 
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SECTION 8  
EXPERIMENTAL TESTING OF BUCKLING RESTRAINED BRACES 

HAVING SHORT YIELDING CORE LENGTH 

 

8.1 General 

After completion of specimen S2-1 test, it was decided to perform uniaxial cyclic tests on the 

BRBs that had been used in that test. These component tests were to serve many purposes.  

First, the hysteretic curves obtained for the BRBs during testing of the full specimen S2-1 did 

not truly represent their individual behavior, as the axial force resisted by each individual 

BRB was not measured and all the BRB plots obtained were in terms of the total horizontal 

force applied to the system, as shown in the previous section. Second, another reason for 

performing the uniaxial tests is that some welding deficiencies were observed in the BRB 

cores after testing specimen S2-1 which was of concern for the overall performance of the 

system as discussed later in this section. Furthermore, since the BRBs used in this testing 

program were of a new prototype created for applications having short yielding lengths, tests 

conducted prior to specimen S2-1 on prototypes of the BRBs with smaller cross section were 

performed and also reported in this section.  Together, these two BRB test series also allow to 

investigate the effect of changing the cross section on the overall behavior, considering that 

the yielding core of the BRB used here is short compared to the BRBs that are been used in 

building projects to date.    

 

Therefore, two sets of BRBs where used for the tests reported in this section. The first set 

consisted of prototypes of the BRBs used in specimen S2-1; the prototype had the same exact 

external dimensions (length and width) but with a yield-core cross section diameter of 22mm 

(0.88in), which was equivalent to a 30 kips yield force for the BRB when using A572 Gr. 50 

steel. The second set consisted of the actual BRBs that has been already used in specimen S2-

1 testing; these BRBs have a cross section diameter of 44mm (1.75in), which was equivalent 

to a 120 kips yield force when using A572 Gr. 50 steel. For both sets, the BRBs used had a 

pin-to-pin dimension of 610mm (24in), and a yielding core length of 305mm (12in). 
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8.2 BRB Description 

The new BRB design concept proposed by Star Seismic eliminates the need for a transition 

length between the yielding core and the non yielding part of the BRB, which allows for 

shorter BRBs. Another advantage of the newly proposed BRB assembly is that it is entirely 

made of steel (i.e. without a concrete fill) which reduced its weight substantially.  

 

The BRB assembly is shown in figure 8-1 and composed of a yielding circular steel core, 

welded to four oversized gusset-plates (two at each end). The steel core is inserted in an outer 

hollow steel tube, which is used to prevent the expected local buckling of the yielding core 

due to compression. The outer hollow steel tube is stiffened by circular steel plates at equal 

distances along its length, these stiffeners provide the hollow steel tube with the necessary 

lateral stiffness required to prevent the yielding core from buckling in any direction and 

forcing it to yield in compression as well as in tension. The described assembly is inserted in 

a bigger hollow steel circular tube; this outer tube is kept in place by tack welding the inner 

stiffeners to it (through pre-drilled holes in the tube). In this concept, the load transfer 

between the BRB and the surrounding structural components rely on the weld between the 

yielding core and the gussets; as in all BRB designs, the BRB inwards are not visible once 

assembled and delivered to the site and quality control mechanism are primordial.  

 

 
FIGURE 8-1 BRB Assembly Sketch 

 

Yielding Steel Core  

Outer Hollow Steel Tube 

Gusset Plates 

Circular Steel Plates 

Hollow Steel Circular Tube 
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8.3 Test Setup 

8.3.1 BRB Set I 

To test the first set of BRBs, a Universal Machine available in the Structural Engineering 

Department at the State University of New York at Buffalo was used. It has been selected for 

the ease of the testing setup required to perform the test. Unfortunately, that Universal 

Machine could not be used for the second set of BRBs as their strength exceeded the 

machine’s maximum capacity of 100 kips; these other tests were therefore conducted on 

another axial loading facility at the University at Buffalo SEESL, described below.  

 

8.3.2 BRB Set II 

The axial loading facility used to test the second set of BRBs consisted of a foundation beam, 

reaction blocks, and a hydraulic actuator with a capacity of 1111 kN (250 kips). The gusset-

plates used where designed to represent the same type of connection that has been used in 

specimen S2-1 testing. Two gusset-plates where used, one attached to the reaction block and 

the other one attached to the actuator head, while the BRBs were connected to both ends. 

Figure 8-2 shows a schematic elevation view and a photograph of the axial loading facility 

used for the axial testing of the second set of BRBs. 

 
(a) 

 
(b) 

FIGURE 8-2 (a) Schematic Elevation View of The Axial Loading Facility used for The 

Axial Testing of The Second Set of BRBs; (b) Photo 
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A particular challenge for this test setup is created by the presence of four hinges, two along 

each side of both the BRBs and the actuator. The presence of the hinges, in absence of other 

restraints, create an unstable system during the axial compression phase of each cycle which 

would, due to geometric nonlinearity, impose a vertical force on the BRB. For that particular 

reason, a vertical restraint applied at the middle of the BRB was designed to overcome this 

vertical force, allowing the BRB to stay in place during compression. The actuator was also 

restrained from the vertical motion by tying it to the foundation beam. Figure 8-3 shows the 

vertical restraint used to prevent the vertical motion of the BRB specimen. 

 

           

FIGURE 8-3 Vertical Restraint used to Prevent Vertical Motion of BRB Specimen 

 

A gusset-plate having the same thickness as that used in specimen S2-1 testing was fabricated 

replicating the pin-ended condition for the BRBs used in that test. The same exact 50mm 

(2in) pins used before for the specimen S2-1 test was reused for the axial testing here; the 

pins were also pounded in the gusset-plates to reduce the effect of slippage to the minimum 

reduction possible. Figure 8-4 shows the gusset-plate connection to the BRB. 
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FIGURE 8-4 Gusset-Plate to BRB connection 

 

8.4 Test Set-up Design and Instrumentation 

The applied load was measured by a load cell installed in the actuators used for both test 

setups. According to the Seismic Provisions for Structural Steel Buildings (AISC, 2005), the 

axial strength of a BRB is calculated as per the following equation: 

 

 ysc y ysc scP R F A= βω  (8-1) 

                                                                                                   

where β and ω are the compression and strain hardening adjustment factors respectively, and 

Ry is the ratio of the expected yield stress to the specified minimum yield stress, Fysc, and Asc, 

is the area of the steel core. Since all these values but Asc are calculated from the experimental 

hysteretic curve of the BRB, approximate values of β, ω, and Ry were taken from previous 

studies as 1.2, 1.5, and 1.1 respectively to calculate the maximum expected strength of the 

BRBs to ensure that they would not exceed the actuator capacities.  Instrumentation specific 

to each test set-up is described below. 
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8.4.1 BRB Set I 

For the BRBs tested in the Universal testing machine, the longitudinal movement of the 

actuator was measured using a linear variable displacement transducer (LVDT), located 

inside the actuator itself. To measure the actual displacement of the BRBs without taking into 

account any slippage that occurs between the bolts and the gusset plates, two LVDTs were 

installed left and right of each BRB tested as shown in figure 8-5. The load applied on the 

BRBs was measured by a load cell installed inside of the actuator. 

 

8.4.2 BRB Set II 

For the BRBs tested in the axial testing facility, the longitudinal movement of the actuator 

was measured using LVDTs, located inside the actuator itself. In addition, a string 

potentiometer was installed across the actuator from the end plate attached to the reaction 

block to the end plate attached to the BRB specimen. Two string potentiometers were used to 

monitor if any sliding in the reaction blocks would occur, as this would have to be taken into 

account to accurately monitor the BRB displacement if slippage was to occur. For the BRB 

specimen, six string potentiometers were used to monitor the actual axial displacement that 

occurred in the BRB. Two of the six string potentiometers where installed on top and bottom 

of the BRB from pin to pin; the average displacement of these two potentiometers would 

represent the axial displacement of the BRB including any slippage that would occur between 

the pins and the gusset plates. The other four were installed east and west of the BRB 

specimen (two at the top and two at the bottom) and were located such as not to include the 

slippage of the pins and only measure the BRB actual displacement. Note that all these 

potentiometers were installed across the BRB specimen in order to capture the effect of the 

pin-end rotations that occurred during the testing of specimen S2-1, and that had a negative 

effect on the accuracy of the data obtained for the BRBs. Figures 8-5 and 8-6 show 

photographs of the instrumentation used for a both BRB sets. The load applied on the BRBs 

was measured by a load cell installed inside of the actuator. 
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FIGURE 8-5 Instrumentation Used for BRB Set I 

 

 
FIGURE 8-6 Instrumentation Used for BRB Set II 
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8.5 Loading Protocol 

Both BRB sets were tested according to the protocol proposed by the Seismic Provisions for 

Structural Steel Buildings (AISC 2005), followed by additional cycles to satisfy the OSHPD 

requirements for cumulative inelastic deformation. For brief, when OSHPD loading protocol 

is stated in this section it means additional cycles needed to satisfy the OSHPD 

recommendations. 

 

Loading protocol for all tests is presented in table 8-1. The brace deformation at the design 

story drift, Δbm, was taken as 5 times the yield displacement of the brace, Δby, as proposed by 

the Seismic Provisions (AISC 2005). Note that the yielding core length is equal to 305mm 

(12in) for all specimens, and A572 Gr. 50 steel is used, from which the BRB yield 

displacement is calculated to be equal to 0.72mm.  

 

After completion of the standard loading protocol, low-cycle fatigue tests were conducted 

with amplitude of 15Δby and equivalent to 3Δbm until fracture occurs. AISC requires BRBs to 

achieve a cumulative inelastic deformation of 200Δby before failure. This amount of inelastic 

deformation is achieved and exceeded by the end of the standard loading protocol. Additional 

cumulative inelastic deformations are added for each BRB specimen during the low cycle 

fatigue tests.  Individual total cumulative inelastic deformations for each BRB specimen 

tested is reported later on this section.         

   

TABLE 8-1 Loading Protocol for BRB Uniaxial Tests 

Cycles Axial Deformation 
Inelastic 

Deformation 

Cumulative 

Inelastic 

Deformation 

Axial Deformation 

(mm) 

4 0.2Δbm 1.0Δby 0Δby 0Δby 0.5 
4 0.3Δbm 1.5Δby 4Δby 4Δby 0.75 
4 0.5Δbm 2.5Δby 12Δby 16Δby 1.25 
4 1.0Δbm 5.0Δby 32Δby 48Δby 2.5 
4 1.5Δbm 7.5Δby 52Δby 100Δby 3.75 
4 2.0Δbm 10Δby 72Δby 172Δby 5 
2 2.5Δbm 12.5Δby 46Δby 218Δby 6.25 
2 3.0Δbm 15Δby 56Δby 274Δby 7.5 
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8.6 Experimental Testing and Observations 

8.6.1 BRB Set I 

Three BRBs were tested in the Universal Testing Machine each for a particular purpose. The 

BRBs were denoted as BRB W-I, BRB B-I, and BRB BW-I and tested successively. The first 

BRB was directly welded to the gusset plate connected to the grip of the machine denoted as 

(central grip gusset plate), and the second BRB was bolted to the central grip gusset plate, 

while the third BRB had a combination of both welds and bolts as discussed later. Note that 

with respect to labeling of the BRB’s specimens, (W) refers to the welded detail, (B) to the 

bolted one, while (I) is the BRB set considered (I being the smaller BRBs as described 

earlier).  

 

8.6.1.1    BRB W-I 

The first BRB tested was BRBW-I. This BRB was directly welded to the central grip gusset 

plate to eliminate slippage that might otherwise have occurred at the BRB’s end. This type of 

fixture, though not realistic, was necessary to understand the behavior of the BRB without 

consideration of these other effects, as this type of BRB assembly was new and never been 

tested before. Figure 8-7 shows the end fixture of BRB W-I. 

 

 
FIGURE 8-7 BRB W-I End Fixture to Machine 

Grip 
Weld Gusset
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Testing started by applying the AISC loading protocol; yielding was observed at about 

0.5mm axial BRB displacement. The AISC loading protocol finished successfully, and the 

BRB exhibited stable and symmetric hysteretic curve. The OSHPD loading protocol was then 

applied by performing two cycles at 12.5Δy, then two cycles at 15Δy. At the compression part 

of the 15Δy displacement at 5mm (0.2in) axial displacement, a minor jump in the strength was 

observed and was attributed to the friction between the steel core and the steel tube.  

 

BRB displacements were computed using three different approaches; the first was by directly 

plotting the displacements obtained from the machine actuator assuming that the machine had 

an infinite elastic stiffness compared to the BRB. Unfortunately this was not the case, as the 

machine turned out to be substantially more flexible than anticipated and introduced an 

important error in the measured displacements, which resulted in the illusion of a more 

flexible BRB than anticipated. 

 

The second approach for calculating the BRB displacements was by averaging the 

displacements obtained by two Temposonic displacement transducers installed on both sides 

of the BRB. This approach gave results matching the anticipated BRB elastic stiffness within 

5%, the difference being attributed to a minor rotation in the BRB gussets that was observed 

during testing at the elastic cycles which may have affected the Temposonics readings. 

 

This approach highlighted the contribution of the machine to the previously measured 

displacements. Nevertheless, at larger inelastic cycles, it was felt that somewhat inaccurate 

results were obtained from the Temposonics transducers as significant rotations were 

observed in the BRB ends, not always consistently about the same axis.  To compensate for 

that effect, it was decided to use four displacement transducers for the second set of BRBs 

(but was not done for the current test setup, as discovery of that phenomenon occurred during 

the analyses and study of accelerated videos conducted following the tests). Figure 8-8 shows 

the elastic stiffness comparison calculated by the first two approaches vs. the expected elastic 

stiffness.  
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FIGURE 8-8 Comparison of Elastic Stiffness Computed by Different Approaches 

 

A third approach for calculating the BRB displacements was by subtracting the elastic 

displacements due to the testing machine flexibility from the total displacements measured 

directly from the machine’s actuator; this assumes that the machine remained elastic during 

the tests, which is a reasonable assumption. To calculate the machine contribution to the 

displacements calculated, the BRB stiffness, KBRB, was calculated as: 

 BRB
ysc

EAK
L

=  (8-2) 

from which KBRB was calculated as140 kN/mm from the given BRB dimensions, where Lysc is 

the yielding portion length and taken as 305mm (12”) here. The total stiffness, Ktot, was 

calculated from figure 8-8 as 91kN/mm, from which the elastic machine stiffness, Km, can be 

calculated as 260kN/mm using the following equation assuming that the machine and the 

specimen are connected in series in the test setup: 

 1 1 1

tot m BRBK K K
= +  (8-3) 

After calculating the testing machine elastic stiffness, its contribution to the total 

displacement can be calculated using the following equation: 

 m
m

F
K

Δ =  (8-4) 

from which ,F, is the total force calculated by the machine actuator. 

The BRB displacement, ΔBRB, can then be calculated as follows: 

 BRB tot mΔ = Δ − Δ  (8-5) 
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Figure 8-9 shows a comparison between the elastic stiffness calculated using the 3rd approach 

and the expected BRB elastic stiffness. All hysteretic behavior plots for the first BRB set 

were plotted using the displacements computed from the 3rd approach; as a result, the 

displacements actually applied to the BRBs do not exactly match the loading protocol as all 

displacements are lesser by the component Δm.  This difference is mostly notable in the 

elastic range and less significant in the plastic range. 

 

 
FIGURE 8-9 Expected Elastic BRB Stiffness vs. Elastic BRB Stiffness Calculated Using 

the 3rd Approach (For Part of the Hysteretic Curve Only) 

 

Figure 8-10 shows the hysteretic behavior of the BRB W-I for the combined AISC/OSHPD 

loading protocol described earlier. Testing then continued with the low cycle fatigue loading 

protocol performing 4 cycles until failure as shown in figure 8-11. Average values of Ry, β, 

and ω where computed from the hysteretic curve at 2.0Δbm as 1.1, 1.02, and 1.38 respectively 

for the range of deformations corresponding to 2.0 times the design story drift, Δbm, as per the 

AISC seismic provisions, which corresponds here to 10 times the BRB yield displacement, 

Δby. Note that the BRBs were ordered to accommodate a design displacement, Δbm, of 2.5 

mm, and were tested up to a maximum displacement of 7.5mm, corresponding to a 

displacement ductility of 3.0Δbm (56Δby).  The maximum cumulative inelastic deformation 

was 386Δby, which satisfied the AISC requirement of 200Δby and translates into a large energy 

dissipation capacity. 
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After completion of the test, BRB W-I was taken apart to investigate the failure that occurred 

in the BRB. No signs of local buckling were observed in the yielding core; this might be due 

to the core’s relatively small length compared to its diameter and free distance within its 

surrounding tube (however, only a percentage of the full length was visible and this 

observation was not verified with a straight edge over the core’s length). Figure 8-12 shows 

the fracture of the yielding core of BRB W-I. 

 

 
FIGURE 8-10 Hysteretic Curve for AISC and OSHPD Loading Protocols for BRB W-I 
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FIGURE 8-11 Hysteretic Curves for Low Cycle Fatigue Loading Protocol for BRB W-I 

 

 

 
FIGURE 8-12 Fracture of BRB W-I at Test Completion 
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8.6.1.2 BRB B-I 

A second BRB was then tested, denoted as BRB B-I. This BRB was bolted to the central grip 

gusset plate using A490 bolts of diameter 25mm (1in). The bolts where torqued to the 

maximum value required to achieve slip resistance (1200N.m, 910 ft.lbs). Nevertheless, full 

slip resistance was not expected to be achieved as the BRB gussets’ relatively large flexural 

stiffness resisted the lateral forced applied by the bolts when torqued; this stiffness prevented 

the gussets’ deflection necessary to clamp them to the central grip gusset plate. Figure 8-13 

shows the end fixture of BRB B-I to the machine. 

 

Testing started by applying the AISC loading protocol, yielding was again observed at about 

0.5mm axial BRB displacement. The AISC loading protocol finished successfully, and the 

BRB exhibited stable and symmetric hysteretic curve. Then the OSHPD loading protocol was 

applied. Figure 8-14 shows the hysteretic behavior of the BRB B-I for the AISC and OSHPD 

loading protocols. The BRB displacements were measured including and excluding pin 

slippage as shown in the figure. For figure 8-14 (a), some jaggedness appears in the hysteretic 

curve at the point where slippage started to occur. Nevertheless, slippage is not observed in 

the hysteretic curve, as the measured displacement was from pin-to-pin excluding the pin 

slippage. This jaggedness is likely due to the sensitivity of the sting potentiometer, as sliding 

of the BRB may have introduced minor irregularities in the potentiometer reading. For figure 

8-14 (b), BRB displacements were measured from gusset plate to gusset plate, which 

therefore includes slippage the hysteretic curve. Slippage is observed at an average of 60kN 

(13.5 kips), which was the load required to overcome the friction resistance between the 

gusset plates and the central grip gusset plate. Note that the design force required to 

overcome the pretension force for that particular bolt diameter and double shear condition is 

225kN (50.0 kips), but this force was not achieved due to the relatively large flexural 

stiffness of the gusset plates as mentioned earlier. A slippage of about 2mm (0.08”) is 

observed in the hysteretic curve, which is about the same tolerance between the bolt diameter 

and the bolt hole in the gusset plates.  Testing then continued with the low cycle fatigue 

loading protocol performing 7 cycles until failure as shown in figure 8-15 which also shows 

hysteretic curves including and excluding slippage at the pins.  
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Average values of Ry, β, and ω where computed from the hysteretic curve at 2.0Δbm as 1.1, 

1.05, and 1.39 respectively, while the maximum cumulative inelastic deformation was 

330Δby, which satisfied the AISC requirement of 200Δby and translates into a large energy 

dissipation capacity. 

 

 
FIGURE 8-13 BRB B-I End Fixture to Machine 
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FIGURE 8-14 Hysteretic Curve for AISC and OSHPD Loading Protocols for BRB B-I; 

(a) Excluding Pin Slippage, (b) Including Pin Slippage 
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FIGURE 8-15 Hysteretic Curve for Low Cycle Fatigue for BRB B-I; (a) Excluding Pin 

Slippage, (b) Including Pin Slippage 
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8.6.1.3 BRB BW-I 

A third and final BRB was then tested, denoted as BRB BW-I. For the purpose of this final 

test, the objective was to modify the BRB details such as to achieve a bolted connection 

developing full friction resistance between the BRB and the central grip gusset plate without 

having to weld parts of the assembly together as was done for BRB-W-I. To achieve this, one 

of the two BRB gussets was cut and beveled to be re-welded after the assembly was bolted 

together.  As such, the bolt was inserted and the maximum torque required to achieve slip 

resistance (1200N.m, 910 ft.lbs) could be applied, allowing the free plate to displace and 

achieve full contact without restraints due to flexural stiffness. The whole unit was then 

welded back to the BRB as shown in figure 8-16. 

 

As done before, testing first followed the AISC loading protocol; yielding was observed at 

about 0.5mm axial BRB displacement. The AISC loading protocol finished successfully, and 

the BRB exhibited stable and symmetric hysteretic curve with no signs of bolt slippage. The 

OSHPD loading protocol was then applied by performing two cycles at 12.5Δby, then two 

cycles at 15Δby. The same jump in strength during the compression cycle was observed as for 

BRB W-I and again was attributed to possible friction between the steel core and the steel 

tube. Figure 8-17 shows the hysteretic behavior of the BRB BW-I specimen for the AISC and 

OSHPD loading protocols. Testing then continued with the low cycle fatigue loading 

protocol performing 4 cycles until failure as shown in figure 8-18.  

 

Average values of Ry, β, and ω where computed from the hysteretic curve at 2.0Δbm as 1.13, 

1.25, and 1.39 respectively, while the maximum cumulative inelastic deformation was 

386Δby, which satisfied the AISC requirement of 200Δby. Note that a relatively higher value 

of β is calculated compared to the BRB W-I and BRB B-I; this is attributed to a friction force 

that started to develop between the yielding core and the steel sleeve for that specimen, which 

resulted in an increase the compression force resisted by the BRB (as read by the actuator 

load cell). If an extrapolation of the curve before its sudden change in slope was made to 

remove the effect of this friction, a β value of about 1.05 would have been calculated. 

After completion of the test, BRB BW-I was taken apart to investigate the failure that 

occurred in the BRB. No signs of local buckling were observed in the yielding core, with the 

same caveats described earlier. Figure 8-19  shows the fracture of the yielding core of BRB 

BW-I. 
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FIGURE 8-16 BRB BW-I End Fixture  

 

 
FIGURE 8-17 Hysteretic Curve for AISC and OSHPD Loading Protocols for BRB BW-

I 
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FIGURE 8-18 Hysteretic Curves for Low Cycle Fatigue Loading Protocol for BRB BW-

I 

 

 
FIGURE 8-19 Fracture of BRB BW-I at Test Completion 
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8.6.2 BRB Set II 

Three of the BRBs used in specimen S2-1 were retested using the axial testing facility 

developed for this purpose (described in Section 8.3.2). The BRBs chosen for the uniaxial 

test’s were the ones that underwent the least amount of inelastic deformations during the 

testing of specimen S2-1, based on predictions from finite element models and measured 

extensions during the test, namely BRB 1-II, BRB 6-II, and BRB5-II. This is because these 

were located near the ends of the columns where relative displacements of the columns in 

double curvature were of lesser magnitude.  Note that the numbering of the specimens 

indicates the position where the BRB was located in specimen S2-1, with BRB 1 being at the 

top and BRB 6 at the bottom, while the roman numbering indicates which set the BRBs 

belongs to. 

 

After termination of specimen S2-1 testing, the BRBs where visually inspected. 

Unfortunately, major cracks occurred in some of the welds connecting the yielding core to 

the BRB gussets as shown in figure 8-20. This was observed in BRB 2-II, BRB3-II, and BRB 

4-II, where they experienced inelastic deformations of 6Δby, 8Δby, and 17Δby respectively. 

This indicated that the weld size used between the yielding core and the BRB gussets was not 

sufficient to resist the axial forces that developed in the BRBs after their yielding, and those 

observed fractures developed before reaching the 50% strain hardening observed in the 

uniaxial tests of retrofitted BRBs described later. A more serious matter observed in BRB 1-

II and BRB 6-is that that some of the welds connecting the yielding core to the rest of the 

BRB were missing as shown in figure 8-21. These fabrication errors were reported to the 

BRB manufacturer (Star Seismic), who took the necessary rigorous steps to prevent re-

occurrence of this quality control failure.  
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FIGURE 8-20 Weld Failure in BRB4-II after Termination of Specimen S2-1 Testing 

 

 
FIGURE 8-21 Missing Weld in BRB1-II 
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8.6.2.1 BRB 5-II 

BRB 5-II was located second from the bottom in specimen S2-1. The maximum BRB 

inelastic deformation observed during specimen S2-1 testing for BRB 5-II was 8Δby, as 

described in section 7.5.3. BRB 5-II was tested as is, as after visual inspection no cracks in 

the welds connecting the yielding core with the gusset plate were observed, as shown in 

figure 8-22. It was expected that failure could occur in the weld before termination of the test 

as several BRBs suffered weld fracture during the tests of the structural fuse specimen S2-1, 

as stated earlier, but it was decided to test it as is, in order to establish (at least approximately, 

as the welds would vary from BRB to BRB) how much inelastic rotation it could likely 

withstand before the welds fail. It was not known at what elongation level the BRB’s welds 

fractured during specimen S2-1 testing, as there was a concern that they could have fractured 

early in the test and therefore only experienced minor (or no) inelastic deformation from 

which minor (or no) hysteretic energy would have been dissipated by the BRBs. In this case, 

controlling the test displacement protocol was done by monitoring the average of the four 

string potentiometers installed pin-to-pin along the BRB, which does not include the pin 

slippage.  In addition, the BRBs displacements including pin slippage was captured using two 

string potentiometers installed top and bottom along the gusset plates. 

 

Figure 8-23 shows the resulting hysteretic curve for BRB 5-II, including pin slippage and 

measured by string potentiometers installed pin-to-pin, as well as excluding pin slippage and 

measured by string potentiometers installed gusset plate to gusset plate. It can be seen from 

the figure that the BRB exhibited a stable and symmetric hysteretic curve, and yielding was 

observed at about 0.6mm axial BRB displacement. A 1mm (0.04”) pin slippage can also be 

observed in the figure. Unlike the first BRB set, slippage here is observed at the zero force 

level when the BRB starts to reverse the direction of its motion, due to the fact that no 

pretention was induced between the gusset plates as a true pin condition was used (with pins 

rather than pre-tensioned bolts); as a result, slip occurred between the pin and the gusset at 

zero load until the pins hit the edge of their respective hole, repeating the process upon load 

reversal, also at zero load. Fracture of the BRB weld occurred at the 4th cycle of the 7.5Δby 

displacement magnitude, after the BRB experienced a cumulative inelastic deformation of 

100Δby.  Fracture developed in the welds as shown in figure 8-24. The BRB did not pass the 

200Δby AISC recommendation, from which it was decided to redesign the welds and 

reinforce one of the BRB with missing welds and tests again.  
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Average values of Ry, β, and ω where computed from the hysteretic curve at 1.5Δbm (7.5Δbm ) 

as the specimen did not reach the 2Δbm (10Δby ) specified by the AISC seismic provisions for 

calculating these values. These values were found to be equal to 1.01, 1.06, and 1.2 

respectively, while the maximum cumulative inelastic deformation was 100Δby, which did not 

satisfy the AISC requirement of 200Δby.    

 

 
FIGURE 8-22 Weld Condition in BRB 5-II after Termination of Specimen S2-1 Testing 
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FIGURE 8-23 Hysteretic Curves for BRB 5-II for the AISC Protocol; (a) Including Pin 

Slippage, (b) Excluding Pin Slippage 
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FIGURE 8-24 Weld Failure of BRB 5-II at 7.5Δby 

 

8.6.2.2 BRB 1-II 

BRB1-II was chosen for the next test.  Welding reinforcement for the existing welds was 

performed prior to testing. BRB 1-II was located at the top of specimen S2-1 and experienced 

an inelastic deformation of 3Δby. Figure 8-25 shows the BRB 1-II after redesigning the welds. 

Testing started using the AISC/OSHPD loading protocol and yielding was observed at about 

0.55mm axial BRB displacement, and the BRB exhibited stable and symmetric hysteretic 

curve until reaching 7.5Δby where a sudden oil leak in the hydraulic system of the actuator 

being used took place. Figure 8-26 shows the hysteretic curve for BRB 1-II until 7.5Δby, 

excluding the pin slippage. The actuator was then removed and replaced by another one 

having the same dimensions and capacity. It was decided to continue testing the same BRB 

even though obtaining a total hysteretic curve was challenging as all the setup including 

instrumentations had to be removed and redone to replace the actuator, but a sense of the 

number of inelastic cycles that the BRB could withstand after redoing the welds could be 

obtained and the question that the welds could sustain the repetitive inelastic cycles could be 

answered. Testing restarted from 7.5Δby axial displacement, and continued till the end of the 

loading protocol. After reaching an axial displacement of 10Δby, rotation of the gusset plate 
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connecting the BRB to the actuator was observed in the compression part of the cycle. This 

was due to the geometric nonlinearity of the system, from which under an axial compression 

load of 800 kN (180kips) and the presence of two pins side by side as described earlier, 

rotation of the gusset plate was observed. This rotation influenced the hysteretic curve, as an 

increase in the axial load was observed in the compression side to overcome the rotation of 

the BRB. It was decided to terminate testing at that point and do not continue with the fatigue 

cycles, as excessive rotation in the BRB would be observed and inaccurate results would be 

obtained for the hysteretic curve of the BRB. Figure 8-27 shows the hysteretic curve for BRB 

1-II starting from 7.5Δby, excluding the pin slippage.    

 

Average values of Ry, β, and ω where computed from the hysteretic curve at 2.0Δbm as 1.03, 

1.27, and 1.16, respectively. Again the relatively high β value is attributed to the friction 

force that develops between the yielding core and the steel sleeve. The maximum cumulative 

inelastic deformation was 274Δby, which satisfied the AISC requirement of 200Δby and 

translates into a large energy dissipation capacity.    

 

 
FIGURE 8-25 Redesigned Welds for BRB 1-II 
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FIGURE 8-26 Hysteretic Curve for BRB 1-II until 7.5Δy, 

 
FIGURE 8-27 Hysteretic Curve for BRB 1-II starting from 7.5Δy 
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8.6.2.3 BRB 6-II 

A final BRB was chosen to be tested to obtain a more reasonable and complete hysteretic 

curve, taking into account all the challenges that occurred in the two previous tests. BRB 6-II 

was chosen for that final test; this BRB was located at the bottom of specimen S2-1 and 

exhibited an inelastic deformation of 7Δby. The same welding reinforcement as in BRB 1-II 

was done, to overcome the deficiencies in the welds provided by the manufacturer as 

described earlier. Also to overcome the gusset plate rotation that was observed in the 

previous test, it was decided to illuminate one of the rotating pins by welding the BRB 

directly to the gusset plate connected to the actuator. The back draw of this procedure is that 

the gusset plate could not be used again for another test, but since this was the last test the 

matter was not of a concern. The other end connected to the reaction block was left as is, as 

slippage effect could also be captured. Figure 8-28 shows a photograph of the BRB 

connected to the gusset plate by welding. 

 

  
FIGURE 8-28 BRB6-II to Gusset Plate Connection at the Actuator Side 
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Testing started by applying the AISC loading protocol, yielding was observed at about 

0.5mm axial BRB displacement. The AISC loading protocol finished successfully, and the 

BRB exhibited stable and symmetric hysteretic curve. The OSHPD loading protocol was then 

applied by performing two cycles at 12.5Δby, then two cycles at 15Δby. At the compression 

part of the first cycle of displacement 15Δby, twisting of the BRB gusset plate connected to 

the actuator was observed and the BRB was out of alignment with the actuator as shown in 

figure 8-29. It was decided to continue with the final cycle of the OSHPD protocol, and 

install two angles along the gusset plate to act as guides preventing the BRB from being out 

of alignment with the actuator and preventing the gusset plate from further twisting.  

 

 
FIGURE 8-29 Gusset Plate twisting at 15Δy 

 

Testing then continued with the low cycle. Minor twisting of the gusset plate was expected 

and occurred at the compression part of each cycle as shown in figure 8-30. Nevertheless the 

BRB stayed in place due to the presence of the guide angles shown in the figure.  
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Figure 8-31 shows the hysteretic behavior of the BRB 6-II for the AISC and OSHPD loading 

protocols. Figure 8-32 shows the hysteretic behavior of the BRB for the low cycle fatigue. At 

the compression part of each cycle, a squeaky noise was heard beyond a displacement of 

2mm (0.08“), this was attributed to the friction that occurred between the gusset plate as is 

twists and the guide angles. The effect of friction can easily be seen in the hysteretic curve as 

a sudden jump in strength occurs at 2mm (0.08”) displacement in the compression side. A 

total of 13 cycles were performed and the BRB behaved in a stable manner, at the 

compression part of the 14th cycle, a moderate bang was heard and the load dropped by 20%, 

the tension part of the cycle was then performed and the load drop was constant until 

reaching a displacement of 5mm (0.2”), there a huge bang was heard and the load dropped to 

zero and the test was called to an end.  

 

Figure 8-33 shows a comparison between the final cycle of the OSHPD loading protocol 

(before installing the guide angles), and the low cycle fatigue cycles (after installing the guide 

angles). It can be seen that at 2mm (0.08”) displacement a jump in the strength occurs at the 

compression side of the loop due to the friction that occurs between the twisting gusset plate 

and the guide angles. The effect of that friction can be illuminated by comparison as shown in 

the figure. 

 

Average values of Ry, β, and ω where computed from the hysteretic curve at 2.0Δbm as 1.0, 

1.14, and 1.19 respectively, while the maximum cumulative inelastic deformation was 

666Δby, which satisfied the AISC requirement of 200Δby and translates into a large energy 

dissipation capacity. 

 

After completion of the test, BRB 6-II was taken apart to investigate the failure that occurred 

in the BRB. It was observed that the BRB was not fractured, and failure occurred in the welds 

connecting the rod to the BRB gussets due to fatigue of the welds as shown in figure 8-34. 

From which it was concluded that the BRB could sustain even more inelastic cycles beyond 

the experiment if weld fatigue was taken into account when designing the welds and the 

failure was controlled to occur in the rod. 
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Finally, to investigate the observed BRB gusset plate rotation, plots for the horizontal and 

vertical BRB gusset plate rotation were constructed using the four string potentiometer 

installed across the BRB. The horizontal BRB gusset plate rotation was calculated by 

averaging the top and bottom string potentiometer readings installed at the east side of the 

BRB, then the resulting readings were subtracted from the average string potentiometer 

readings installed top and bottom of the west side of the BRB. The results were then divided 

by the average horizontal distance between the string pots. Figure 8-35 shows a plot between 

the horizontal BRB gusset plate rotation being in the vertical axis of the plot, and the BRB 

force being on the horizontal axis of the plot. It can be seen from the figure that the amount of 

horizontal rotation increased at each cycle and that a maximum horizontal rotation of about 

0.05 rad developed in the BRB. 

 

Using the same approach, the vertical rotation of the BRB gusset plate was calculated by 

averaging both top string potentiometer readings installed at the east and west sides of the 

BRB, and the resulting readings was subtracted from the average string potentiometer 

readings installed bottom of the west and east sides of the BRB. The results were then 

divided by the average vertical distance between the string pots. Figure 8-36 shows a plot 

between the vertical BRB gusset plate rotation and the BRB force. It can also be seen that the 

vertical rotation increased at each cycle up to a maximum observed vertical rotation of about 

0.013 rad.  Vertical movement of the gusset inside the tube was also observed, but not 

measured. 

 

These rotations could have contributed to the weld failure observed at the end of the test due 

to unanticipated bending stresses.  On that basis, it may be desirable for BRBs of this type to 

be designed in ways to decrease this rotation phenomenon.  Slight alterations would be 

possible to eliminate gaps that exist between the gusset plate and the outer steel sleeve (by 

increasing the dimensions of the gusset plate), or it might be possible to add an extra cap at 

both ends of the BRB welded to the outer sleeve and having a hole with minimum tolerance 

through which the gusset could move freely while guided to remain centered.   
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FIGURE 8-30 Twisting of Gusset Plate at Low Cycle Fatigue Cycles 
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FIGURE 8-31 Hysteretic Curve for AISC and OSHPD Loading Protocols for BRB 6-II; 

(a) Excluding Pin Slippage, (b) Including Pin Slippage 
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FIGURE 8-32 Hysteretic Curves for Low Cycle Fatigue Loading Protocol for BRB6-II; 

(a) Excluding Pin Slippage, (b) Including Pin Slippage 
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FIGURE 8-33 Comparison between; (a) Last Cycle of the OSHPD Loading Protocol at 

15Δby, (b) Hysteretic Curve of Low Cycle Fatigue Loading Protocol 
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FIGURE 8-34 Weld Fatigue of BRB 6-II 

 

 
FIGURE 8-35 Horizontal BRB Gusset Plate Rotation vs. BRB Force 
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FIGURE 8-36 Vertical BRB Gusset Plate Rotation vs. BRB Force 

 

8.7 Summary 

Experimental axial testing has been performed on two sets of BRBs having the same yielding 

core length but different in axial strength and end fixture conditions. All results exhibited 

stable hysteretic behavior and dissipated energy more that the required by the AISC seismic 

provisions. Tabulated results summarizing the measured properties for all tests along with the 

maximum results are presented in table 8-2. 

 

TABLE 8-2 Static Test Results 

Test 
Pysc 

(kN) 

Δby 

(mm) 

Kb 

(kN/

mm) 

Tmax 

(kN) 

Cmax 

(kN) 
Ry β ω 

Cycles 

to 

fracture 

Fracture 

Disp. 

Cum. 

Inel. 

Def./ 

BRB W-I 153 0.5 280 165 168 1.15 1.02 1.38 32 15Δby 386 

BRB B-I 149 0.5 298 167 176 1.12 1.05 1.39 35 15Δby 330 

BRB BW-I 150 0.5 300 167 210 1.13 1.25 1.39 32 15Δby 386 

BRB 5-II 538 0.6 846.6 600 633 1.01 1.06 1.2 20 7.5Δby 100 

BRB 1-II 549 0.55 912.7 677 779 1.03 1.27 1.16 28 15Δby 274 

BRB 6-II 533 0.5 1000 663 758 1.0 1.14 1.19 42 15Δby 666 
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SECTION 9  

EXPERIMENTAL AND ANALYTICAL INVESTIGATION OF 

STEEL PLATE SHEAR LINKS AS STRUCTURAL FUSES 

 

9.1 General 
This section describes the design and detailing of SPSLs for quasi-static cyclic testing, the 

design of a setup to carry out the testing, and the instrumentation used to capture results. The 

dimensions of the SPSLs to be tested were selected using design equations described in 

section 4. The loading protocol used and observations made during the quasi-static testing are 

then described. Specimen link shear versus total rotation hysteresis curves are then plotted. 

Photographs and a description of observations made during the cyclic history are also 

provided for each SPSL. Throughout this section, all rotations referred to are total rotations, 

i.e., combined elastic and plastic rotations. Finite element models are then generated to 

replicate the observed hysteretic behavior of the SPSLs being tested, and provide insight into 

the general behavior of the SPSLs. 

9.2 SPSLs Selection 
Seven SPSLs were selected for quasi-static testing and shown in figure 9-1.  Three of those 

were restrained against out of plane motion, and were shaped to have  one of two different 

link edge angles representing the balanced and the over balanced cases described earlier in 

section 4.6. Four of the seven SPSLs specimens were unrestrained against out-of-plane 

buckling: two had a balanced link angle and was tested to compare their behavior with the 

restrained ones, and two were unrestrained square specimens.  

The three SPSLs restrained against out of plane motion were denoted as SP-R1, SP-R2, and 

SP-R3. All links had the same outer dimensions of 600mm x 400mm (24” x 16”).  The 

differences between the specimens are the angle θ and type of lateral restraint; where θ is the 

link edge angles and defined in section 4.5.  This angle θ was equal to θb for SP-R1 and SP-

R2, and θ was greater than θb for SP-R3, where θb is the balanced link edge angle and also 

defined in section 4.5. As shown in figure 9-1, θ was 25 degrees and 40 degree for figure 



312 

9-1(a) and figure 9-1(b) respectively. The angle selected for SP-R1 and SP-R2 was intended 

to insure that shear yielding in the middle part of the specimen occurs simultaneously with 

flexural yielding at the wedges parts for both specimens as described earlier in section 4.6.  

Restraining out-of-plane buckling for specimens SP-R1, SP-R2, and SP-R3 was done by 

using a fiberglass building panel material known as Composolite, which is a patented 

advanced composite building panel system suitable for major load bearing structural 

applications.  It has a major advantages of having relatively high ultimate tensile strength 

(214MPa, 31.1ksi), being light weight and corrosion resistant. These FRP panels were 

received as larger components originally 2’x24’, and cut to the small panels of 2’x1.3’ needed 

to fit around the specimens. Wood pieces of dimensions 50mm x 100mm (2”x4”) were 

inserted in the hollow parts of the panels. These wood pieces were installed to enhance the 

flexural strength of the panels; this was also done to prevent the connecting bolts from 

punching through the panels during testing, as a tensile force of about 10kN (2.5kips) was 

expected to develop per bolt to prevent the specimen from buckling. Dimensions and weight 

of a typical Composolite panel unit is shown in figure 9-2. Mechanical properties are also 

shown in table 9-1.  

During testing of specimen SP-R1, while the fiberglass was found to have an adequate 

strength to resist the out of plane forces resulting from buckling of the specimen’s steel plate, 

it was also found to be more flexible than anticipated and not effective to prevent the 

development of buckling in the SPSL, as described in section 9.7.2. To increase the stiffness 

of the panels, two W4x13 cross beams were installed on each panel for the testing of 

specimens SP-R2 and SP-R3, understanding that this was done for expediency and that a 

more aesthetic solution would have to be implemented in the field (which was not possible in 

this case due to the tight testing schedule). Figures 9-3 and 9-4 show the lateral restraining 

system details used for all specimens; a photo is also shown in figure 9-5. 

A link length, e, of 400mm (16”) was selected according to the design requirements presented 

in section 4.4, from which the balanced link angle, θb, was then calculated from equation (4-

23) to be as 25 degrees. The link length was then checked to not exceed the limit specified by 

equation (4-20) as exceeding this limit would have resulted in the link yielding in flexure 

rather than shear. A constant link thickness of 5mm (3/16”) was then chosen for all 

specimens, which resulted in an approximate calculated maximum shear force of 667kN 
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(150kips) for the strongest link specimen tested. These dimensions were the same as the links 

tested for specimen S-1 in sections 5 and 6, which was desirable to easily investigate the 

behavior of the link being tested in the bridge pier.  

The unrestrained SPSLs were denoted as SP-U1, and SP-U2. These SPSLs had the exact 

same dimensions and link edge angle as SP-R1and SP-R2, but no lateral restraining system 

was provided and the links were free to buckle out of plane. Figure 9-6 shows a photo of the 

unrestrained specimens.  

The square unrestrained links were denoted as SQ-U1, and SQ-U2, and also had the same 

outer dimensions as SP-R1. Figure 9-7 shows a photo of these specimens. 

 
                          (a)                                                (b)                                                   (c) 

FIGURE 9-1 Specimens Dimensions; (a) SQ-U1, and SQ-U2, (b) SP-R1, SP-R2, SP-U1, 

and SP-U2, (c) SP-R3 

 

 

FIGURE 9-2 Composolite Panel Cross Section 
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TABLE 9-1 Composolite Mechanical Properties 

Properties ASTM Test 

Method

Value                

MPa (ksi) 
Flexural Strength (Strong Direction) D790 169 (24.5) 

Flexural Strength (weak Direction) D790 57 (8.2) 

Tensile Strength (Strong Direction) D638 214  (31.1) 

Short Beam Shear (Strong Direction) D2344 22 (3.19) 

 

FIGURE 9-3 Specimen SP-R2 Lateral Restraining System Details 
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FIGURE 9-4 Specimen SP-R3 Lateral Restraining System Details 

     
                      (a)                                               (b)                                             (c) 

FIGURE 9-5 Specimens Lateral Restraining System Photos; (a) SP-R1, (b) SP-R2, (c) 

SP-R3 
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                                   (a)                                                                         (b) 

FIGURE 9-6 Unrestrained Specimens Photos; (a) SP-U1, (b) SP-U2 

 

     
                                   (a)                                                                         (b) 

FIGURE 9-7 Square Specimens Photos; (a) SQ-U1, (b) SQ-U2 

 

9.3 SPSLs Material Testing 
ASTM A572 Gr. 50 steel was chosen for this particular application. Monotonic tension tests 

were performed on two coupons from as shown in figure 9-8. Strains were monitored using a 

MTS extensometer with a 50mm (2”) gage length, while the forces were monitored using an 

internally mounted load cell in a Tinius Olsen testing machine at the University at Buffalo. 

The coupons tested showed good ductility and reached a strain of 28% before fracture. The 

ratio of Fu/Fy was 1.11 which is 18% less than the specified ASTM value of 1.3, and 
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compares with the expected ratio of RtFu/RyFy of 1.42 that can be calculated using the values 

in AISC 2005.  Such a low ration can be problematic to design bolted connections. 

 

FIGURE 9-8 Tension Coupon Results for SPSLs Material 

 

9.4 Test Setup Design 
The test setup shown in figure 9-9 was originally designed by Berman and Bruneau (2006). 

The setup is a pantograph that was designed to apply a shear force on short-length specimens.  

This is accomplished by a double-acting servo-hydraulic actuator acting on a loading beam 

(LB) through the LB-actuator beam and LB- actuator brace as shown in figure 9-9. This 

results in axial loads and moments in the loading beam, those are transferred as shear and end 

moment to the link and then to the foundation beam (FB). Note that the line of action of the 

actuator force coincides with the link midpoint, resulting in equal and opposite link end 

moments and zero moment at the link midpoint, assuming rigid loading and foundation 

beams. Therefore, the actuator load is equal to the link shear force (the axial forces in the pin-

ended members of the pantograph members at the west end of the test setup are equal and 

opposite and do not create a horizontal shear resultant).  
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The pantograph functions to prevent rotation of the loading beam while allowing the link to 

deform unrestrained in the axial and horizontal directions, preventing the introduction of 

axial load in the link when deformed in shear and flexure. 

At the east end of the actuator, the load is transferred to the FB through the FB actuator beam 

and FB brace. The result is that the setup is a self-restrained reaction frame, meaning that the 

actuator force is resisted by axial load in the foundation beam, not by friction between the 

strong floor and foundation beam. Attachment to the strong floor was therefore designed only 

to resist uplift forces. 

9.4.1 Foundation Beam (FB) 

The W610x217 (W24x146) that was selected by Berman and Bruneau (2006) for the FB is 

shown in figure 9-10. The FB was fastened to the floor in five locations along its length, with 

one 35 mm (1.375”) diameter Gr. 150 dywidag bar on each side of the web at each location. 

FB stiffeners details are shown in figure 9-11. The W450x97 (W18x65) and W410x85 

(W16x57) used as FB actuator beam and FB brace respectively are shown in figure 9-12.  

The 31.75 mm (1.25") mounting plate fillet welded all around to the FB flange with holes to 

accept the bolts from the links mounting Beam is shown in figure 9-13. The mounting plate 

and connection to the FB flange are also reinforced by the presence of Type C and Type D 

FB stiffeners.  

9.4.2 Loading Beam (LB) 

The loading beam (LB) was also designed by Berman and Bruneau (2006) making use of a 

W610x217 (W24x146) as shown in figure 9-14. The LB-actuator beam is a W460x97 

(W18x65) and the LB-brace is a W310x74 (W12x50). The same detail and stiffeners of the 

FB actuator beam are found where the flange width of the LB actuator beam extends for 

connection with the actuator. The link mounting beam-to-LB connection also has similar 

mounting plate and stiffener reinforcement configurations, as shown in figure 9-15. 
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(a)  (b)  

FIGURE 9-9 Test Setup for all Specimens; (a) Details, (b) Photo 
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FIGURE 9-10 Foundation Beam Details (Berman and Bruneau 2006) 
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FIGURE 9-11 Foundation Beam Stiffeners Details (Berman and Bruneau 2006) 
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FIGURE 9-12 Actuator Beam, Brace, and Connection to FB (Berman and Bruneau 

2006) 
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(a) 

 (b) 

FIGURE 9-13 Foundation Beam to Link Mounting Beams Connection; (a) Plan, (b) 

Elevation (Berman and Bruneau 2006) 
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FIGURE 9-14 Loading Beam Detail (Berman and Bruneau 2006) 
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 (a) 

  (b) 

FIGURE 9-15 Loading Beam to Link Mounting Beams Connection; (a) Plan, (b) 

Elevation (Berman and Bruneau 2006) 

9.4.3 Links Mounting Beams 

Due to the fact that the pantograph was not originally configured to accommodate the SPSLs, 

it was necessary to design and fabricate two short mounting beams to connect the SPSLs to 

the LB and FB and to ensure that the centerline of the specimens align with the centerline of 

the actuator as mentioned before. The mounting beams were selected to be built-up W shape 

beams with dimensions shown in figure 9-16. The bottom of the mounting beam was detailed 

to be connected to the FB; while the gusset plate on top of the mounting beam was detailed to 

be connected to the specimens using 8 A490 bolts 25mm (1”) in diameter. These bolts were 

designed for slip resistance to resist a shear force of 1111kN (250 kips), with a factor of 

safety of 2.0 as the anticipated strength of the strongest specimen was not to exceed 556kN 

(125kips). The gusset plate connecting the SPSLs to the mounting beam was initially 

designed to have the same dimensions as the gusset plates used to connect the SPSLs to the 

columns for specimen S1 in sections 5 and 6. Nevertheless, during testing of the first 
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specimen (SP-U1), buckling was observed at the gusset plate at high rotation levels as 

described later in section 9.7.1. Given the fact that this gusset plate was intended to be reused 

for all remaining specimens, it was flamed-cut after the termination of specimen SP-U1, and 

a new gusset plate was overdesigned to be elastic and reinforced by stiffeners every 150mm 

(6”). The new gusset plate was designed to resist an out of plane force of 10% the anticipated 

maximum shear force (556kN) that would applied to the strongest SPSL, which is an over 

estimation of the out-of-plane load that was anticipated to occur due to the plate buckling . 

Different in-plane failure modes like tension yielding of gross section, shear fracture at net 

section, and shear yielding at gross section were also taken into account for the gusset design.   

 

FIGURE 9-16 Mounting Beam Detail 

9.4.4 Pantograph Articulated Members 

The pantograph articulated members consists of diagonal truss members oriented at a certain 

angle with the horizontal, and connected to a center member and the LB and FB using high 

strength pin connections. The function of these members is to allow the LB to translate 

vertically and horizontally with no resistance but does not allow it to rotate, thereby 
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preventing axial force in the SPSLs while also providing for approximately equal link end 

moments. More details on the pantograph articulated members design are presented in 

Berman and Bruneau (2006). 

No changes were required to the existing pantograph articulated members for the purpose of 

the tests conducted as part of the current research project. Pantograph diagonals and center 

member are HSS 203x102x12.7 (8x4x1/2) and HSS 203x152x12.7 (8x6x1/2) respectively, 

connected at their ends using 50.8 mm (2") diameter steel pins as show in figures 9-17 and 

9-18. The pantograph diagonals are reinforced with a 12.7 mm (½") thick plate around the 

holes at every pin connection. In addition, 25.4 mm (1") plates and 22.2 mm (7/8") fillet 

welds connect the pantograph member to the LB and FB.  

9.4.5 Lateral Bracing 

Lateral bracing was provided to the test setup at three locations to prevent out-of-plane 

displacement of the actuator and LB, and lateral torsional buckling of the LB. Lateral bracing 

attached to the FB brace, is shown in figure 9-19; the lateral bracing at that location consists 

of two HSS 50.8x50.8x6.4 (2x2x1/4) sections connected to the FB brace by bolts and welded 

to channels that are fastened to the strong floor using a single 35 mm (1.375") dywidag bar at 

each location. 

Lateral bracing for the loading beam utilized vertical W250x32.7 (W10x22) shapes to 

“sandwich” the beam at two locations as shown in figure 9-20. The vertical members were 

bolted to the FB using gusset plates, bearing against the LB as originally designed. Vertical 

members were then connected to each other using threaded rods which were tightened to 

insure proper contact between the vertical members and the LB. At each of the two loading 

beam lateral bracing connections, one of the vertical members that were braced to the floor 

using a HSS 76.2x76.2x6.4 (3x3x1/4) connected to a channel was fastened to the strong floor. 

Photos of Lateral Bracing of the LB and FB brace are shown in figures 9-21and 9-22 

respectively. 
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FIGURE 9-17 Pantograph Connection to FB and LB Details (Berman and Bruneau 

2006) 
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FIGURE 9-18 Pantograph Connection Details and Center Member (Berman and 

Bruneau 2006) 
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FIGURE 9-19 Lateral Bracing to FB Brace Details (Berman and Bruneau 2006) 
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FIGURE 9-20 Cross Section of Setup at LB Lateral Bracing (Berman and Bruneau 

2006) 

 

FIGURE 9-21 Lateral Bracing of LB Photo 
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FIGURE 9-22 Lateral Bracing to FB Brace Photo 

9.4.6 Vertical Load Carrying System 

As indicated above, the pantograph restrains the LB from rotation and only allows it to 

translate vertically and horizontally; however, allowing vertical translations would have been 

problematic because, as a result, the SPSL would have had to carry the gravity load of the 

LB, which would not have been desirable. To carry the weight of the LB and the vertical 

tension force developing due to yielding of the specimens, the steel block shown in figure 

9-23 was used to fill the 225mm (9”) gap between the FB and the LB-Actuator beam. 

Restraining the vertical motion by adding the steel block was intended to provide a direct 

load-path for the vertical loads, restricting the LB to be only able to translate horizontally. 

The block surface was greased to minimize the additional force produced due to friction of 

the LB-actuator beam with the steel block. 
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FIGURE 9-23 Gravity Load Carrying System 

9.5 Instrumentation 

9.5.1 String Displacement Potentiometers 

Four string displacement potentiometers (string-pots) were used for each specimen, as shown 

in figure 9-24, namely two vertical ones located east and west of the specimen and denoted as 

SP-VE and SP-VW, and two diagonal ones denoted as SP-D1 and SP-D2 installed to connect 

opposing corners of the specimen. The vertical string-pots were used to monitor any vertical 

translation and rotation in the LB. The specimen shear rotation was calculated using two 

different methods; the first was by dividing the actuator displacement by the height of the 

specimen (400mm, 16”), while the second method was by using the two diagonal sting-pots 

as follows:  
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where δSP is the diagonal string-pot elongation shown in figure 9-25. 

The second method gave more accurate results, as minor additional displacement was 

captured by the first method due to some flexibility of the setup. From which, the second 

method was used throughout this section to represent the specimen rotation.  

 

 

FIGURE 9-24 String Displacement Potentiometers Layout 
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FIGURE 9-25 SPSL Diagonal String Potentiometer Elongation  

 

9.5.2 Video Recording 

Digital videos of each test were recorded. Every test had one high definition digital video 

camera setup to view the specimen from the front. Additionally, a standard digital video 

camera was setup to view the specimen from an angle of approximately 45 degrees south of 

west. For some of the tests, another standard definition camera was setup at a distance to 

capture overall specimen deformation and LB vertical translation and rotation (if any). 

Videos are available at http://seesl.buffalo.edu. 

9.6 Loading Protocol 
The loading protocol used for testing the SPSLs was the one specified by the 2005 AISC 

Seismic Provisions for Eccentrically Braced Frames (EBFs), modified as described below. 

The AISC loading protocol is based on the total rotation of the specimen and specifies six 

cycles at each of the total link rotation levels of 0.00375, 0.005, 0.0075, and 0.01 radians, 

followed by four cycles at 0.015 and 0.02 radians. Two cycles are then specified at 0.03 

radians, then one cycle at each of the total link rotation levels of 0.04, 0.05, 0.07, and 0.09 

radians. One cycle of rotation at progressive increment of 0.02 radians beyond 0.09 radians is 

then specified until failure occurs in the specimen. However, here, for testing of the SPSLs, 
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the loading followed the 2005 AISC Seismic Provisions protocol until a rotation level of 0.02 

radians, beyond which three cycles were applied at each of the radians values above instead 

of the one cycle specified. Although more severe than the specified loading protocol, the 

actual loading protocol was done to investigate behavior of SPSLs under repeated cycles, 

which was deemed to be important given that SPSLs without lateral support were anticipated 

to exhibit less energy dissipation upon repeated cycles. Displacement of the actuator was 

used as the control parameter during testing, which required that the specified rotation levels 

be converted into displacements using the SPSLs and setup geometries. For this purpose the 

mounting beams and the gusset plate connecting the SPSLs to the mounting beams were 

considered to be rigid and the actuator displacement was taken as the rotation times the 

SPSLs length of 400mm (16”). Table 9-2 shows the applied loading protocol for all 

specimens. 

TABLE 9-2 Loading Protocol for SPSLs 

Cycles Total Rotation (γtot) Actuator Displacement (mm) 

6 0.00375 1.5 
6 0.005 2 
6 0.0075 3 
6 0.01 4 
4 0.015 6 

4 0.02 8 
3 0.03 12 
3 0.04 16 
3 0.05 20 

3 0.07 28 
3 0.09 36 

Increment of 0.02 radians (8mm) with three cycles 

 

9.7 Links Testing Observations 
Links testing observations are described below for the seven links tested using the pantograph 

setup. Links shear forces versus the total rotation hysteretic curves measured from the string 

potentiometer and the actuator displacement are presented, along with photographs of each 

specimen at various levels of total rotations. For all specimens, loading started with positive 
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forces and rotation values as the actuator pushed the specimens; negative values of both 

forces and rotations were then recorded when the actuator retracted. 

9.7.1 Specimen SP-U1 

SP-U1 was the first specimen being tested; figure 9-26 shows the hysteretic behavior 

observed during testing. At γtot=0.002 rad, loss of stiffness was observed in the hysteretic 

curves at a shear force of 80kN (18 kips). At γtot=0.02 rad, the specimen started to pick up 

load significantly up to γtot=0.03 rad. Due to the unavoidable geometric imperfections 

buckling started to initiate in the plate at γtot=0.04 rad, from which a drop in strength from 

280kN (63kips) to 250kN (56kips) was observed as shown in figure 9-27. The specimen 

started to pick up strength gradually after that at each incremental cycle. Significant pinching 

in the hysteretic curves was then observed and expected as the plate stretches and relax. A 

strength reduction was also observed at each rotation level for the repetitive cycles. At 

γtot=0.09 rad, out-of-plane buckling of the gusset plate was observed as shown in figure 9-28, 

from which it was concluded that the gusset plate was yielding and contributing to the 

hysteretic curve of the specimen, which would result in an unreliable in an actual structure 

given that replacement of the links was an intended objective. Testing was continued until net 

section fracture occurred in the upper gusset plate as shown in figure 9-29. Testing was then 

terminated, and the gusset plate was flamed-cut and replaced by an overdesigned gusset plate 

described earlier in section 9.4.3.  While the results of this test with gusset buckling are 

interesting, it was surprising that buckling initiated given that no such buckling was observed 

in the bridge pier specimen which had gussets of identical thickness – the only difference 

being that the gussets in the full bridge pier were continuous along the column height, which 

may have had a beneficial effect not quantified here.  



338 

 

FIGURE 9-26 Link Shear vs. Total Rotation Hysteretic Curve for Specimen SP-U1 

 

 

FIGURE 9-27 Initiation of Buckling at γtot=0.04 rad 



339 

 

FIGURE 9-28 Out-of-Plane Buckling of Gusset Plate 

 

 

FIGURE 9-29 Net Section Fracture of Gusset Plate at γtot=0.19 rad 
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9.7.2 Specimen SP-R1 

After replacing the gusset plate, specimen SP-R1 was tested. This specimen was identical to 

the links used for specimen S1: the link had a link edge angle equal to the balanced link edge 

angle and was restrained from out of plane buckling using the FRP panels described in 

section 9.2. Figure 9-30 shows the hysteretic behavior observed during testing. Up to a 

rotation of  0.02 rad, the shear strength developed by the specimen was only 100 kN (23kips), 

which was less than the anticipated yield shear strength of 385 kN (86 kips) . Starting at a 

rotation of 0.02 rad, a more significant shear force was resisted by the specimen. At a rotation 

of 0.04 rad in the negative direction of the curve, the specimen reached the anticipated yield 

force and out-of-plane buckling developed in the middle part of the link and was observed as 

a noticeable deflection in the FRP panels. This was due to the fact that the lateral stiffness of 

the FRP restraints was not sufficient to prevent such buckling (shown in figure 9-31) to 

occur. This buckling resulted in a significant drop in the strength of the specimen, 

accompanied by pinching of the hysteretic curves during incremental cycles. At the same 

time, a drop of load from 470 kN (106 kips) to 350 kN (79kips) was observed on the 

hysteretic curve as the specimen buckled. The same behavior was also observed in the 

positive direction of the curve but at a rotation of 0.07 rad and a force of 360 kN (81 kips), 

which is a force less than the anticipated yield force.  

This “lag” in developing the strength of the specimen could not be explained at the time of 

the test, but after investigating the accelerated videos of the specimen during testing, two 

observations where clear. First, it was observed that the loading beam was not moving in a 

perfect horizontal manner and a vertical downward motion was seen to have developed 

during each loading and unloading cycle. This downward motion affected the behavior of the 

SPSLs at low rotation levels by underestimating the shear forces resisted by the specimen, 

while had at higher rotation levels, additional pinching was observed in the unloading cycles. 

The effect of this downward motion on the global behavior of the SPSLs was further 

investigated in sections 9.8 and 9.9. Second, slippage in the end bolts were also observed, 

which resulted in delaying the yielding of the specimen.  

At a total rotation of 0.09 radians, the FRP panels started to crack at their line of bolts as 

shown in figure 9-32, and completely failed at 0.11 radians as shown in figure 9-33. At this 
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level of damage, the FRPs were removed and the condition of the SPSL is shown in figure 

9-34.  

Testing continued per the loading protocol.  A crack that initiated at the center of the SPSL at 

0.13 radians is shown in figure 9-35. Propagation of the crack during successive cycles is 

shown in figure 9-36. As the crack propagated at every incremental rotation, a gradual loss of 

strength was observed in the hysteretic behavior. At a total rotation of 0.2 rad, the specimen 

was considered to be totally fractured. While the specimen was tested until complete fracture, 

for sake of learning about failure mode, failure of the specimen is defined as the point where 

80% of the maximum strength is reached after the first peak where buckling starts to occur. 

On the basis of that definition, the specimen was deemed failed at a rotation of 0.17 radians. 

 

FIGURE 9-30 Link Shear vs. Total Rotation Hysteretic Curve for Specimen SP-R1 
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FIGURE 9-31 Deflection of Lateral Restraints 

 

FIGURE 9-32 FRP Panel Cracking at 0.09 radians 
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FIGURE 9-33 Failure of FRP Panel at 0.11 radians 

 

FIGURE 9-34 SPSL Condition at 0.11 radians After Removal of the FRP 
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FIGURE 9-35 Initiation of Cracking at 0.13 radians 
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                                 γtot =0.15 rad                                                        γtot =0.17 rad 

  
                               γtot =0.19 rad                                                         γtot =0.21 rad 

  
                              γtot =0.23 rad                                                       γtot =0.25 rad 

FIGURE 9-36 Damage Progression of SP-R1 at Various Total Rotation Levels 

9.7.3 Specimen SP-R2 

As described in section 9.2, specimen SP-R2 was the link with θ=θb and restrained against 

out of plane buckling. For this specimen, two horizontal beams were added alongside the 
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FRP panels (as shown in figure 9-5) to enhance the flexural stiffness of the FRP restraints as 

discussed in section 9.2. Figure 9-37 shows the hysteretic behavior observed during testing. 

At γtot=0.002 rad, loss of stiffness was observed in the hysteretic curves at a shear force of 

100kN (23 kips). Up to a rotation of  0.02 rad, the shear strength of the specimen was only 

200 kN (45kips), which was less than the anticipated yield shear strength of 385 kN (86 kips). 

Starting at a rotation of 0.02 rad, a significant amount of shear force was gained by the 

specimen, and the specimen was yielding as anticipated. This behavior could not be 

explained at the time of the test, but after investigating the accelerated videos of the specimen 

testing, the same two observations regarding the movement of the loading beam and the 

slippage of the bolts where possible, similarly to specimen SP-R1. At a total rotation of 0.05 

rad, buckling was observed. This was anticipated to eventually happen due to flexural 

yielding of the wedge parts of the specimen, as they stretch during the one half of a cycle 

then buckle at the second half of the cycle; again, the lateral stiffness of the FRP restraints 

was not sufficient to prevent such buckling to occur, as shown in figure 9-38. A combination 

of shear yielding (middle part) and flexural yielding and buckling (wedge part) was 

experienced by the specimen, accompanied by significant pinching action in the hysteretic 

curves due to the buckling of the wedge parts. As the magnitude of buckling increased in the 

wedge parts at every incremental rotation, the loss of strength for successive cycles at the 

same rotation level increases as observed in the hysteretic curve. Propagation of wedge 

buckling for incremental cycles is shown in figure 9-39. At a total rotation of 0.12 rad, the 

specimen was considered to be totally failed, as a drop in strength from 520kN (117kips) at 

0.1 rad to 400kN (90kips) at 0.09 rad was observed in the positive side of the hysteretic 

curve, which is about a 20% loss in strength. Testing continued until the specimen totally 

fractured during the 3rd cycle of the 0.12 rad rotation. The FRP was then removed, and photos 

of the specimen at the end of the test were taken and shown in figures 9-40 to 9-42. It can be 

seen from the photos that no significant buckling occurred at the mid part of the specimen, 

which suggests that yielding of the middle part was due to shear yielding rather than by 

development of diagonal tension field action. Buckling of the wedge parts was also observed, 

the length of the buckles providing evidence of successive cycles of stretching and 

compression, which indicates that the yielding mode of the wedge parts was flexural and not 

due to shear. Initiation of cracks was assumed to have occurred first in the wedge parts and 

propagated from there horizontally towards the center. This fracture mode of the middle part 

of the link might not have occurred if the wedge parts had not buckled; in such a case, 
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fracture would presumably have initiated at the center of the specimen (but this could 

obviously not be verified by this test).  

 

 

FIGURE 9-37 Link Shear vs. Total Rotation Hysteretic Curve for Specimen SP-R2 

 

FIGURE 9-38 Local Buckling of Wedge Parts of Specimen SP-R2 at γtot=0.05 rad 
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                      (a)                                            (b)                                               (c) 

FIGURE 9-39 Wedge Buckling of Specimen SP-R2 at Different Rotation Levels; (a) 

γtot=0.07, (b) γtot=0.09, γtot=0.11 

 

 

FIGURE 9-40 Lower Side Fracture of Specimen SP-R2 at End of Test 
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FIGURE 9-41 Fracture of Upper Part Corners of Specimen SP-R2; (a) Upper East 

Corner, (b) Upper West Corner 

          
                                             (a)                                                                          (b) 

FIGURE 9-42 Middle Part Condition of SP-R2; (a) Elevation, (b) Side View 

9.7.4 Specimen SP-R3 

Specimen SP-R3 was the link with θ>θb and restrained against out-of-plane buckling using 

the FRP panes and the two steel beams as described in section 9.2. Figure 9-43 shows the 

hysteretic behavior observed during testing. The same trend of behavior was observed at 

γtot=0.002 rad, as loss of stiffness was observed in the hysteretic curves at a shear force of 

150kN (34 kips) for the same reasons mentioned before for specimen SP-R2. Yielding started 

to occur at a total rotation of 0.015 rad and a shear force of 250 kN (56 kips), the anticipated 

shear yield force was 240 kN (54 kips). No buckling was observed in the wedge parts as they 

were designed to remain elastic (θ>θb), and consequently no significant loss in strength at 
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repetitive cycles for the same rotation level was observed at that level of rotations. This was 

attributed to the fact that the middle part was the only part yielding in the specimen, and was 

designed to yield in pure shear. At a rotation level of 0.08 rad, a drop in strength from 400kN 

(90kips) to 380kN (86kips) was observed in the hysteretic behavior in the positive direction 

of the curve (pushing the specimen); this was attributed to a fracture that might have started 

to propagate somehow in the middle part of the link, but this could not be confirmed or seen 

at that time due to the presence of the restraints. At the same rotation level in the negative 

direction of the curve, a significant loss in strength from 450kN (101kips) to 350kN was 

observed, this was about a 20% loss in strength from the maximum strength reached, and by 

definition, the specimen was deemed to have failed in terms of performance. However, 

testing continued until the specimen totally fractured. Loss of strength continued at the same 

rotation level for each of the three cycles performed due to the propagation of the anticipated 

crack. A significant loss in strength was then observed at a rotation level of 0.1 rad, and the 

strength dropped to almost zero at the 3rd cycle at that rotation level. At that point, testing was 

terminated and the restraints were removed to investigate the link condition at the end of the 

test. Figure 9-44 shows the specimen condition at the final rotation level achieved before 

removing the restraints, no buckling was observed from the sides of the restraints as shown in 

the figure. Figure 9-45 shows the specimen condition after removal of the restraints. It can be 

seen that the wedge parts appear to be elastic as no signs of buckling can be seen in them. 

Also it appears that all the yielding was localized in the middle part of the specimen.  
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FIGURE 9-43 Link Shear vs. Total Rotation Hysteretic Curve for Specimen SP-R3 

 

    
                                             (a)                                                                           (b) 

FIGURE 9-44 Specimen Sp-R3 Condition at γtot of 0.1 rad; (a) Elevation, (b) Side View 
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                                                  (a)                                                                    (b)  

FIGURE 9-45 Specimen SP-R3 Condition after Removing the Restraints; (a) Elevation, 

(b) Side View 

 

9.7.5 Specimen SP-U2 

Specimen SP-U2 was the link with θ=θb and unrestrained against out of plane buckling. 

Figure 9-46 shows the hysteretic behavior observed during testing. Again the same trend of 

behavior was observed at γtot=0.002 rad, as loss of stiffness was observed in the hysteretic 

curves at a shear force of 150kN (34 kips). At a rotation level of 0.02 rad, a sudden drop in 

strength was observed and was attributed to the initiation of buckling that occurred in the 

middle part of the specimen and shown in figure 9-47. Up to that point, the specimen was 

assumed to be yielding in shear (similar to the restrained specimens), this is due to the fact 

that no signs of buckling was observed in the specimen from which no tension field action is 

assumed to develop. Due to the unavoidable geometric imperfections buckling started to 

initiate in the plate, and significant strength loss was observed. The specimen then started to 

pick up strength gradually at each incremental cycle. Significant pinching in the hysteretic 

curves is also observed and expected as the plate stretches and relax. A strength reduction is 

also observed at each rotation level for the repetitive cycles. Progression of buckling for 

successive rotation levels is shown in figure 9-48. At a rotation level of 0.13 rad, a crack at 

the upper east corner of the wedge part initiated and propagated at incremental rotation levels 

as shown in figure 9-49, no significant strength loss was observed in the hysteretic curve. As 

the crack propagated, gradual softening in the hysteretic curve was observed in both 
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directions. Another crack initiated in the Upper West corner at a rotation level of 0.15 rad and 

shown in figure 9-50. At that point the cracks propagated rapidly, at a significant loss in 

strength from 350kN (79kips) to 250kN (56kips) was observed in the negative side of the 

curve at a rotation level of 0.16 rad, that is about a 30% loss in strength. At the same rotation 

level at repetitive cycles, the specimen totally fractured and the strength dropped to zero as 

shown in figure 9-51. 

 

FIGURE 9-46 Shear vs. Total Rotation Hysteretic Curve for Specimen SP-U2 
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FIGURE 9-47 Buckling Initiation at γtot=0.02 rad 

     
                     γtot=0.03 rad                        γtot=0.04 rad                        γtot=0.05 rad                         

      
                   γtot=0.09 rad                               γtot=0.11 rad                             γtot=0. 13 rad                       

FIGURE 9-48 Progression of Buckling at Different Rotation Levels 
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                                γtot=0.13 rad                                               γtot=0.15 rad                         

FIGURE 9-49 Upper East Crack Initiation and Propagation 

 

FIGURE 9-50 Upper West Crack Initiation  
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FIGURE 9-51 Specimen SP-U2 at Eng of Test 

9.7.6 Specimen SQ-U1 

Specimen SQ-U1 was the square link unrestrained against out of plane buckling. Figure 9-52 

shows the hysteretic behavior observed during testing. This specimen experienced a linear 

elastic behavior up to a rotation level of 0.01 rad, a shear force of 350kN (79 kips) was 

observed. A sudden drop in strength from 350kN (79kips) to 200kN (45kips) was observed 

after 0.01 rad, and was attributed to the initiation of buckling that occurred in the middle part 

of the specimen and shown in figure 9-53. Significant pinching in the hysteretic curves was 

then observed after the buckling initiated. A strength reduction was also observed at each 

rotation level for the repetitive cycles. Progression of buckling for successive rotation levels 

is shown in figure 9-54. At a rotation level of 0.13 rad, a crack at the upper east and west 

corners initiated as shown in figure 9-55, no significant strength loss was immediately 

observed in the hysteretic curve. However, as the cracks propagated, gradual softening in the 

hysteretic curve was observed in both directions until the specimen totally fractured. At a 

rotation level of 0.15 rad, a significant loss in strength from 400kN (90kips) to 200kN 

(45kips) in the positive direction of the curve was observed, followed by a loss of strength 

from 350kN (79kips) to 150kN (34kips) at the same rotation level in the negative direction of 

the curve. This is a 50% drop of strength from the maximum value reached, and the specimen 
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was deemed failed in terms of performance. Testing continued at the same rotation level, the 

strength dropped to zero and the specimen totally fractured after 3 additional cycles, as 

shown in figure 9-56. 

 

FIGURE 9-52 Shear vs. Total Rotation Hysteretic Curve for Specimen SQ-U1 

 

FIGURE 9-53 Buckling Initiation at γtot=0.01 rad 



358 

     
                    γtot=0.02 rad                              γtot=0.03 rad                                γtot=0.04 rad 

    
                γtot=0.05 rad                              γtot=0.07 rad                               γtot=0.09 rad 

FIGURE 9-54 Buckling Progression at Different Rotation Levels for Specimen SQ-U1 

          
                                      (a)                                                                           (b) 

FIGURE 9-55  Crack Initiation at γtot=0.13 rad; (a) Upper West Corner, (b) Upper East 

Corner 
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FIGURE 9-56 Specimen SQ-U1 Condition at the End of the Test 

9.7.7 Specimen SQ-U2 

The final tested specimen was SQ-U2.  Figure 9-57 shows the hysteretic behavior observed 

during testing. A linear elastic behavior up to a rotation level of 0.005 rad and a shear force of 

200kN (45 kips) was observed. A drop in stiffness was observed up to a rotation level of 0.03 

rad.  Then a sudden drop in strength from 350kN (79kips) to 200kN (45kips) was observed 

where buckling started to initiate as shown in figure 9-58.  Similarly to specimen SQ-U1, 

significant pinching in the hysteretic curves was then observed after buckling initiated. A 

strength reduction was also observed at each rotation level for the repetitive cycles. At a 

rotation level of 0.09 rad, a crack at the upper west corner initiated as shown in figure 9-59.  

Minor strength loss was observed in the hysteretic curve at the rotation level of 0.11 rad. As 

the cracks propagated, a sudden drop in strength from 300kN (68kips) to 200kN (45kips) was 

observed in the positive side of the curve, which is about a 33% strength reduction from the 

maximum strength value reached during the test, from which the specimen was deemed to 

have failed in terms of performance. Testing continued and the strength dropped to zero and 

the specimen totally fractured at a rotation level of 0.13 rad as shown in figure 9-60. 
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FIGURE 9-57 Shear vs. Total Rotation Hysteretic Curve for Specimen SQ-U2 

 

FIGURE 9-58 Buckling Initiation at γtot=0.03 rad 



361 

 

FIGURE 9-59 Crack Initiation at the Upper West Corner of Specimen SQ-U2 

 

 

FIGURE 9-60 Specimen Condition at γtot=0.13 rad 
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9.8 Investigation on the Vertical Movement of the Setup 
Although it was impossible to quantify the amount of force loss that developed along the 

SPSLs at low rotation levels due to the observed vertical movement of the loading beam, it 

was attempted to quantifying the amount of vertical movement that have occurred. This 

vertical displacement could be calculated using the various vertical and diagonal 

displacement transducers installed along the SPSL specimens as shown in figure 9-61. 

Assuming that point A and B represents the initial positions of the upper west and east points 

of the SPSL respectively, and points A’ and B’ represents the final position of these points at 

an arbitrary horizontal displacement, Δh, and a corresponding undesired vertical 

displacement, Δv. Given that the elongation in the displacement transducers are known and 

denoted as δ(SP-D1), and δ(SP-D2) for the diagonal displacement transducers and δ(SP-VE), and δ(SP-

VE) for the vertical displacement transducers, the total length of these transducers are then 

calculated by adding their initial length, h, to their corresponding elongation. 

The values of the horizontal displacement, Δh, and a corresponding vertical displacement, Δv, 

for point B could then be calculated as follows: 

For the shaded triangle, given that the lengths of all the sides are known; the value of the 

angle θ can be calculated as: 
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from which the value of the angle γ can be calculated as: 

 180γ θ= −  (9-3) 

From the dotted triangle, the values of the horizontal displacement, Δh, and a corresponding 

vertical displacement, Δv, could then be calculated as: 

 ( )( ) cosh SP VEh δ γ−Δ = +  (9-4) 
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 ( )( ) sinv SP VEh hδ γ−Δ = + −  (9-5) 

The same approach could be implemented to calculate the values of the horizontal 

displacement, Δh, and a corresponding vertical displacement, Δv, for point A. Taking the 

average values of Δh and Δv for both points, a plot showing the vertical displacement of the 

upper beam corresponding to the applied horizontal displacement for specimen SP-U2 

(arbitrary chosen for illustration) is shown in figure 9-62. 

It can be seen from the figure that a vertical displacement of about 35mm (1.4”) occurs when 

a horizontal drift level of about 0.2 rad was reached. This vertical displacement affected the 

behavior of the SPSLs; at low rotation levels (up to 0.03 rad) by preventing them to reach the 

anticipated shear forces, and at high rotation levels by introducing some pinching to the 

system in the unloading cycles. This was proven by the finite element analyses of all 

specimens, presented in section 9.9.    

 

FIGURE 9-61 Geometry of String Pots used to Calculate the Amount of Vertical 

Movement 
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FIGURE 9-62 Vertical Displacement vs. Total Horizontal Drift for the Upper Beam 

9.9 Finite Element Analysis 
Finite element analysis using the same modeling procedure presented in section 4.12 was 

conducted to better understand the results of the SPSLs pantograph testing of the individual 

links, and also to quantify the effect of the downward movement of the loading beam on the 

global behavior of the specimen ABAQUS models were generated in attempt to replicate the 

obtained hysteretic curves for specimens SP-R2, SP-R3, SP-SQ1, and SP-U2 obtained by 

testing using the loading protocol presented in table 9-2 and material models presented in 

section 9.3. It was challenging to replicate the behavior of specimens SP-R1 and SP-U1, 

given the fact that the FRP restraint failed at the middle of the test SP-R1 (and that testing 

continued without it afterwards), and the fact that the gusset plate yielded and distorted for 

specimen SP-U1. Nonetheless, finite element validation was also found to be crucial to 

investigate the behavior of the specimens. 

9.9.1 Specimen SP-R3 

A comparison between the hysteretic curve obtained by testing and the ABAQUS hysteretic 

curve for specimen SP-R3 is shown in figure 9-63. It can be observed from the figure that the 

model represented well the elastic stiffness of the specimen as well as its ultimate shear 

strength. The difference between the experimental and the analytical hysteretic curves is the 

presence of substantial pinching in the experimental curve and the inability of the model to 

capture strength degradation due to crack propagation up to fracture. This pinching was 
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attributed to the vertical movement of the loading beam that was observed during testing due 

to some flexibility of the set-up that could not be prevented in spite of the fact that a steel 

block was inserted under the loading beam as shown in figure 9-23 to prevent this vertical 

motion.  

Figure 9-64 shows a plot of the Von Misses stresses obtained from the FEM analysis, with 

the red zone indicating yielding, and for comparison the final state of the specimen after 

testing is also shown in figure 9-64(b). It can be observed that tearing of the specimen took 

place around the zone of yielding of the specimen, while the rest of the specimen remained 

elastic. The actual tearing zone appears to be a bit larger than the yielded part in the model, 

but this is reasonable as one must recognize that the finite element analysis did not model 

fracture and its propagation. Figure 9-65 shows similar plots for S11 (being the stress in the 

horizontal direction), S22 (being the stress in the vertical direction), and S12 (being the shear 

stress) respectively, where the red zones indicate yielding. This confirms that yielding of the 

link is due to pure shear yielding in the narrowest part of the link, and that no flexural stresses 

have contributed to the yielding of the plate. 

 

FIGURE 9-63 Hysteretic Behavior of Specimen SP-R3  
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                                  (a)                                                                          (b) 

FIGURE 9-64  Yielding of Specimen SP-R3; (a) FEM, (b) Experimental 

 

   
                                  (a)                                                (b)                                              (c) 

FIGURE 9-65 FEM results; (a) S11, (b) S22, (c) S12 

9.9.2 Specimen SP-R2 

A comparison between the hysteretic curve obtained by testing and the ABAQUS hysteretic 

curve for specimen SP-R3 is shown in figure 9-66. Again, it is observed from the figure that 

the model represents well the elastic stiffness of the specimen as well as the shear forces at 

high rotation levels (beyond 0.03 rad). A major difference between the experimental and the 

analytical hysteretic curves is that the shear forces measured at low rotation levels were 

smaller than anticipated, and the presence of substantial pinching in the experimental curve in 

the unloading cycles at high rotation levels. In this case, the pinching is substantially more 

than what was observed for specimen SP-R3.This is attributed to two factors; first, the 

vertical movement of the loading beam that was observed during testing due to some 



367 

flexibility of the set-up; second, the buckling that was observed in the top and bottom of the 

specimen and that was described earlier in section 9.7.2.  

Figure 9-67 shows results plots for S11, S22, and S12 respectively at 0.1 rad, where blue and 

red indicates yielding in both tension and compression respectively for S11 and S22, while 

red indicates shear yielding for S12. It can be observed that the yielding of the link is due to a 

combination of pure shear yielding at the middle part, and flexural yielding in the wedge 

parts that occurs simultaneously.  

 

FIGURE 9-66 Hysteretic Behavior of Specimen SP-R2 

   
                            (a)                                            (b)                                             (c)   

FIGURE 9-67 FEM results at 0.1 rad; (a) S11, (b) S22, (c) S12 

9.9.3 Specimen SP-U1 

A comparison between the hysteretic curve obtained by testing and the ABAQUS hysteretic 

curve for specimen SP-U1 is shown in figure 9-68. It can be seen from the figure that the 
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experimental results gave substantially lower than expected shear forces until reaching a total 

rotation of about 0.08 in both cycling directions, beyond which the model represents well the 

behavior of the specimen albeit with the presence of some additional pinching due to the 

downward motion of the loading beam. Also from a stiffness perspective; the initial stiffness 

of the model matches well with the experiment. It was also observed that the unloading 

stiffness of the model matches well with that of the experimental curve. At about 100kN 

(23kips) in both directions, the unloading stiffness drops dramatically as seen in the 

experimental hysteretic curve. This vertical motion of the top beam created premature 

buckling of the plate; which is why the elastic base shear was lower than what was predicted 

by the model. Also as the loading beam moves downwards, lesser forces are resisted by the 

specimen up to a point where the beam settles (which was around 0.08 rad). Also during the 

unloading cycle, the sudden drop of the shear force resisted by the plate is also attributed to 

the vertical motion of the beam. 

A comparison between the deflected shape of the specimen and the finite element model at 

the end of the 0.13 rad cycle is shown in figure 9-69. A plot showing the maximum in plane 

principal stress at a peak rotation level of 0.13 rad is shown in figure 9-70, the tension field 

developed can be seen in the figure.  

 

FIGURE 9-68 Hysteretic Behavior of Specimen SP-U1 
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                                          (a)                                                                     (b) 

FIGURE 9-69 Deflected shape at the end of the 0.13 rad Cycle; (a) Experimental, (b) 

FEM 

 

FIGURE 9-70 Maximum In-Plane Principal Stress at 0.13 rad 
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9.9.4    Specimen SQ-U1 

A comparison between the hysteretic curve obtained by testing and the ABAQUS hysteretic 

curve for specimen SQ-U1 is shown in figure 9-71. It can also be seen from the figure that 

the experiment again gave lower than anticipated shear forces until reaching a total rotation 

of about 0.08 in both cycling directions, and then the model matches well with the 

experimental hysteretic curve. Also the unloading stiffness of the model matches well with 

that of the experimental curve up to a constant point in each cycle where the load drops in 

both directions in the experimental hysteretic curve. Again these differences were attributed 

to the same reason mentioned in section 9.8.3., which is the vertical motion of the loading 

that was observed in the experiment.  

 

FIGURE 9-71 Hysteretic Behavior of Specimen SQ-U1 

9.10 Summary 
This section describes the experimental testing performed of SPSLs with various link edge 

angles and lateral restraint conditions. Table 9-3 summarizes the maximum base shear and 

total rotations for all specimens except SP-R1 and SP-U1 up to the point where failure is 

considered. It was observed that adding the restraints increased the base shear capacity for the 

specimens having the same dimensions. Also adding the restraints improved the hysteretic 

performance of the specimens as they reduced the pinching observed in the behavior of the 
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unrestrained specimens, and also improved behavior under repetitive cycles. As in the case of 

the unrestrained specimens, repeating the cycles at the same rotation level resulted in 

reducing the shear capacity of the specimen as the steel could only stretch once, while in the 

case of the restrained specimen, the same shear capacity could be obtained at upon repetitive 

cycles at the same rotation level. Nevertheless, adding the restraints decreased the rotation 

capacities in comparison with the unrestrained specimens; this is attributed to the localization 

of plastic strains in the middle part of the specimens when yielding in shear in the case of the 

restrained specimens, compared to distributed plastic strains along diagonal strips in the case 

of unrestrained specimens.   

The effect of the observed downward motion of the loading beam on the global behavior of 

the SPSLs was also investigated. It was found out that due to this downward motion, the 

experiments results showed that the anticipated shear strength of the specimens was only 

reached at high rotation levels, and substantial pinching was introduced in the hysteresis 

curves.  

 

TABLE 9-3 Summary of Peak Results 

Specimen Max. Shear Force (kN) Total Rotation at Failure 

SP-R2 550 0.09 

SP-R3 450 0.08 

SP-U2 400 0.16 

SQ-U1 400 0.16 

SQ-U2 400 0.11 
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SECTION 10  

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

FOR FUTURE WORK 

10.1 Summary 

Research was conducted to investigate strategies to implement a structural fuse concept for 

the seismic design and retrofit of bridges. The concept was first developed for the retrofit of 

multiple column R/C bents, but was then extended to consider application to a proposed 

multi-column accelerated bridge construction (ABC) pier design made of concrete-filled steel 

box columns.  Analytical studies have been conducted to evaluate the efficiency of two 

different types of structural fuses, namely Steel Plate Shear Links (SPSLs) and Buckling 

Restrained Braces (BRBs), for bents with RC columns as well ABC columns. The proposed 

ABC column system was then retrained for the subsequent experimental phase of the project.  

Using finite element models, static pushover and pseudo-static cyclic hysteretic curves have 

been obtained for the proposed bridge pier systems.  

 

Previous studies have used different definition of structural fuses, in different contexts. Here, 

the focus has been on structural fuses defined as sacrificial and easy-to-replace elements 

designed to protect the substructure and the gravity-resisting elements of a bridge, allowing 

seismic energy dissipation by the fuses while the bridge substructure remain elastic. 

Governing parameters defining the behavior and design of the fuse system were identified. 

Seismic response was validated through parametric analyses of the studied systems, and 

design guidance was provided for the sizing of the fuse system as a function of the total 

system strength. 

 

BRBs were first proposed as a structural fuse for retrofitting RC bridge bents to increase 

their strength and stiffness, and to dissipate seismic energy through hysteretic behavior while 

the existing RC bridge piers remain elastic. A parametric study, in terms of non-

dimensionalized values was conducted to consider general frame and BRBs geometries. Key 

parameters that control the behavior of the BRBs as a structural fuse were identified, 
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relationships between these parameters were investigated for the application at hand, and 

plots showing the regions of admissible solutions for several frame and BRBs strengths and 

stiffnesses were constructed. The results were then refined and validated using non-linear 

time history analyses.  Nine spectra-compatible ground records were generated to match the 

targeted response spectra.  Plots showing comparison of the time history results and the 

proposed static procedure where presented. A retrofit design procedure was then formulated, 

showing the necessary steps to achieve the design objectives.   

 

For the experimental phase of this research, a prototype three span continuous bridge having 

two twin-columns pier bents with fixed base spaced at 36m (120 ft) and 9m (30 ft) tall, was 

designed according to the AASHTO LRFD bridge design specifications.  Its piers were 

designed using double composite rectangular columns of Bi-Steel panels, and structural 

fuses.  A corresponding 2/3 scale model was then developed and tested at the SEESL at the 

University at Buffalo.  Specimens were subjected to quasi-static testing, starting with the 

Steel Plate Shear Link (SPSL) as a series of structural fuses inserted between the columns.  

Analytical and experimental results were then presented to verify the proposed concept. 

 

After completion of the two twin-columns pier bents tests, it was decided to perform uniaxial 

cyclic tests on the BRBs and SPSLs used as structural fuses as the hysteretic curves obtained 

for the fuses during testing of the full specimens did not truly represent their individual 

behavior, and because the forces resisted by each individual fuse could not be measured 

individually during the pier tests.  For the BRBs individual tests, two sets of BRBs having 

different cross sections were used.  Together, in addition to getting important fundamental 

data on the behavior of this type of BRB, these two BRB test series allowed to investigate the 

effect of changing the cross section on the overall behavior.  Note that the BRBs used are a 

new prototype created for short length BRB applications; they use a different design to 

prevent buckling in compression to accommodate the short yielding core length needed for 

the current application (i.e. much shorter compared to the BRBs that are been used in 

building projects to date). 

 

 Experimental testing was also performed on individual SPSLs with various geometry and 

lateral restraint conditions. Photographs and a description of observations made during the 

cyclic history were provided for the individual SPSLs. Finite element models were then 
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generated to replicate the observed hysteretic behavior of the SPSLs being tested, and provide 

insight into the general behavior of the SPSLs. 

10.2 Conclusions 

This research demonstrated that the proposed design procedure leads to robust and reliable 

structural fuse systems that can exhibit satisfactory seismic performance. The range of 

admissible solutions that satisfy the structural fuse concept were also parametrically defined. 

 

Experimental and analytical investigations of the twin-columns bridge pier with structural 

fuses showed that the specimens tested exhibited stable hysteretic behavior as the seismic 

energy was dissipated through the structural fuses. Adding the fuses increased both the 

stiffness and strength of the bare frame.  While the proposed design procedure allows to 

select many desired performance strength and stiffness for the structural fuse system that 

meet the design objectives in various way, for the specimen designed and experimentally 

tested, adding the fuses increased stiffness and strength by about 40% and substantially 

increased the amount of hysteretic energy dissipated by the frame, while keeping the columns 

elastic up to the target design displacement.  

Experimental axial testing performed on the new BRBs having short lengths showed that the 

newly proposed BRB assembly exhibited stable hysteretic behavior and dissipated energy 

substantially, exceeding the values required by the AISC seismic provisions for qualification 

of BRBs. 

 

Experimental and analytical investigations of the individual SPSLs showed that adding lateral 

restraints increased their base shear capacity (by 40% for the specific dimensions considered 

here) over unrestrained specimens having the same dimensions. Also adding the restraints 

improved the hysteretic performance of the specimens as they reduced the pinching observed 

in the behavior of the unrestrained specimens, and improve behavior under repetitive cycles.  

 

10.3 Recommendations for Future Work 

Given that this research has predominantly looked into the implementation of structural fuses 

in accelerated bridge construction applications, the columns used for the experimental phase 
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of this research were of a composite-type, namely steel boxes filled with concrete columns. 

Most of the accelerated bridge construction applications for bridge columns to date have used 

prestressed concrete segments; therefore, there are opportunities for future research to 

investigate how to implement the structural fuse concept for these types of columns, both in 

the perspective of global behavior and in terms of the types of connections that would need to 

be developed to implemented steel fuses between the concrete prestressed columns. 

As the experiments conducted on the bridge piers in this research applied pseudo-static cyclic 

loading using static actuators at the top of the pier, future experiment could experimentally 

investigate the proposed concept dynamically, by testing bridge piers using structural fuses 

on shake tables using a wide range of possible earthquake acceleration time histories, also 

including near-fault ground motions (which has not been considered in this study). 

Further investigations could also investigate alternative strategies to provide lateral restraints 

for the SPSLs, to achieve an improved performance.  An improved testing setup for the shear 

testing of the SPSLs is also recommended to illuminate some problematic issues with the test 

setup that have been faced in this research.  

Further investigation should also be considered to investigate the effect of increasing the 

accelerations of the total system on the design of the foundations, due to the addition of the 

structural fuses. Also the effect of the increased acceleration on the bridge deck and 

acceleration sensitive items at that level could be investigated.  

Investigation on combining different types of fuses in one system could also be investigated 

as a future research to reach an optimum fuse solution. Furthermore, the effect of three 

dimensional earthquake excitation and response of the structural system is worthy of 

additional exploration, to determine if torsional response of the columns or the links could 

noticeably modify behavior on the structural system.   

Beyond the structural fuse concept, it is also recommended to further investigate the cyclic 

behavior of the double skin concrete filled columns used in this research and known as Bi-

Steel columns. Much needs to be done in this regard to develop a better understanding of 

their effectiveness in seismic regions.  In particular, it would be of interest to investigate the 

effect of changing the tie bars spacing on the global ductile behavior of the system, as it 



377 

would be expected that smaller spacing would result in a decreased propensity for local 

buckling, which should be beneficial.  Yet, at the same time, by analogy with the global 

buckling behavior of concentrically braced frames, a less slender element develops plastic 

local buckling and questions arise to whether this would detrimentally magnify the plastic 

strains in the buckled portions of the columns.  It is unclear whether increasing or decreasing 

the spacing of the ties (or finding an optimum) would be best in this particular case to ensure 

the greater fatigue life of the columns and to delay their fracture up to relatively larger drift 

levels.  Data on the cyclic inelastic behavior of Bi-Steel columns built with steels having 

actual yield strength closer to the values commonly encountered in practice would also be of 

great interest.  
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APPENDIX A  

TOTAL SYSTEM BEHAVIOR WITH STRUCTURAL FUSES 

The total system behavior is presented in figure A-1. Where before yielding of the fuses, the 

total system would act as a single cantilever beam, with the column being its flanges and the 

fuses being its web. The expected base reaction for that system would be a large moment 

acting at the base with corresponding shear forces as shown in the figure, with a point of zero 

shear that lies in the middle of the fuses. The resulting forces will lead to one of the column 

being in compression, while the other one will be in tension (depending on the direction of 

loading). 

After yielding of the fuses (while the columns are still elastic), the total system behavior is 

anticipated to change from a single cantilever system to a regular moment frame behavior, 

from which each column would behave independently in a moment frame, and would be 

subjected to moment and shear.  

 

                                     (a)                                                       (b) 

FIGURE A-1 Total System Behavior; (a) Before yielding of Fuses, (b) After Yielding of 

Fuses 
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APPENDIX B 

PROTOTYPE BRIDGE DESIGN 

 

B.1 Prototype Bridge 

The Prototype bridge considered is a three span continuous bridge with two twin column pier 

bents with fixed base spaced at 36m (120 ft) and 9m (30 ft ) high. The deck width is 12m (40 

ft) as shown in figure B-1. The effective deck weight (Girders + Concrete Slab + guard rails) 

was taken as 1 psi for simplicity. The columns were designed as composite rectangular 

columns using Bi-Steel panels. A response spectrum was constructed based on the National 

Earthquake Hazard Reduction Program Recommended Provisions (NEHRP 2003) for a site 

of site soil-type class B, This site was chosen as it is represents a hazardous area which is 

vulnerable to severe ground shaking. Mapped spectral accelerations are shown in figure B-2.    

 
Dimensions in m (ft) 

FIGURE B- 1 Prototype Bridge Dimensions 
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FIGURE B- 2 Elastic Response Spectra (5% critical damping) 

B.2 Bridge Columns Design 

Tributary gravity weight (W) = (480*1440*1)/1000=691.2 kips 

Four columns are assumed to carry the gravity load from which the average axial load per 

each column is 172.8 kips. 

Assuming that each column carries about 10% from its squash load, the axial capacity of each 

column should be 1728 kips. 

Assuming a Bi-Steel Composite column of dimensions shown in figure B-3, and assuming 

that all the axial force will be carried by the concrete, the cross sectional area of each column 

is 36*24=864in2, from which the axial load ratio is 

Axial load ratio= /

172.8 0.05
4*864c g

P
f A

= = <0.1 ok 
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Note that the assumed section is stronger than what is required due to the limitations on the 

Bi-Steel panel as a minimum of 3 bars is required for one panel with a minimum spacing of  

8 in. 

 

Dimensions in mm (in) 

FIGURE B- 3 Prototype Column Dimensions 

A moment curvature analysis is then run on the proposed column using XTRACT software; a 

confined concrete model and A572Gr.50 steel where used in the analysis; figure B-4 shows 

the moment-curvature plot of the section. Effective yield curvatures were determined as 

0.1619E-3 1/in and the effective yield moment was determined as 34350 kip.in, while the 

EIeff  was found to be 2.12E8 kip.in2. 
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FIGURE B- 4 Moment-Curvature of Prototype Bridge Column 

The total lateral stiffness of the bare bridge bent can now be calculated as follows: 

( )
8

33

48 48*2.12*10 218
30*12

eff
eff

tot

EI
K

H
= = = kip/in 

The yield displacement of the bent can also be calculated as follows: 

( ) ( )2 232 2 2*0.1619*10 * 30*12 2
3.5

3 3
y tot

y

Hφ −

Δ = = = in 

The yield lateral force of the bent can now be calculated as: 

218*3.5 763
benty bent yV K= Δ = =  kips 

From which the yield lateral force of a single column is 763/4=191 kips 

And the natural period of the bare bent can be calculated as: 
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691.22 2 0.57
218*386eff

WT
K g

π π= = = sec 

B.3 Specimen Design 

For the specimen a 1.5 scale for the geometric properties of the specimen ( 2 3LS = ) was 

chosen due to the limitations available at SEESL at the University at Buffalo, the maximum 

height of the strong wall is 30ft. so the maximum height of the specimen was set to be 20ft. 

Also the specimen was designed for a maximum horizontal force of 400kips, using 2 

actuators available at SEESL each with a capacity of 220kips. 

Using XTRACT software, properties of the column specimen are extracted as: 

Mp=10200 kip.in, φy=0.2725E-3 1/in, EIeff=4.8E7 ksi, and assuming 20% overstrength (Ω) 

For the twin column specimen: 

( )
7

33

24 24*4.8*10 55
276

eff
eff

tot

EI
K

H
= = = kip/in (9.6 kN/mm) 

4 1.2*4*10200 177
276

P
Df

tot

MV
H

Ω= = = kips (788 kN) 

( ) ( )2 232 2 2*0.2725*10 * 276 2
3.5

3 3
y tot

y

Hφ −

Δ = = = in 

 

B.3.1 Restrained SPSL Design 

A desired link ductility of 4 is assumed; a link length, e, of 16” and a distance yo of 16” were 

chosen. The link edge angle, bθ and the link height, h, can then be calculated as follows: 

2 0 02 2tan tan 0
3b b

y y
e e

θ θ⎛ ⎞+ − =⎜ ⎟
⎝ ⎠
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2 2*16 2*16tan tan 0
16 16 3b bθ θ⎛ ⎞+ − =⎜ ⎟

⎝ ⎠
   

025bθ =  

tano bh y e θ= +  

16 16 tan(25) 23.46h in= + =  

The value of the link length, e, chosen is then checked to satisfy the following equation: 

 ( ) ( )2 2

2 2*161 3 tan 1 3 tan 25 16.3
3 tan 3 tan 25

oye θ
θ

≤ − ≤ − ≤
 

The maximum number of links that can be added can now be calculates as:  

Maximum number of links= 2512 2 8.45
24

H
h

⎛ ⎞ ⎛ ⎞− = − =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

links (8 links between the twin 

columns where chosen) 

 Assuming that the spectral acceleration of the final bent lies in the constant acceleration 

zone 2.1aS g= , the bare bent strength ratio, ξ, can be calculated as: 

2.1*691.2 / 3.375 2.43
177

a

Df

S m
V

ξ = = =  

Setting the required bare bent ductility,  μf, to be less that 1, the minimum stiffness ratio, αmin, 

can be calculated as: 

min 1 1.43
f

ξα
μ

≥ − ≥  

The total lateral stiffness required by the fuses can be now calculated as: 

min 1.43*55 78.65b fK Kα= = = kip/in 
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From which the total vertical stiffness required by the fuses is calculated as: 

( )( )
2 2

2

78.65*(276) 10401
2 2 (16 2*4)

b tot
ver

K HK
L B X e X

= = =
+ + +

 kips/in 

And the vertical stiffness required per fuse will be equal to 10401/8=1300 kips/in 

Assuming that the minimum required link ductility is 4, the link’s strength ratio can be 

calculated as: 

( )1 1 4*(1 1/1.43) 8.5bη μ α= + = + =     

min
2.1*691.2 / 3.375 50.6

8.5
a

DS
req

S mV
η

= = =  kips   

From which the total vertical strength of the fuses is : 

27650.6* 582
2 16 2*4
tot

p Ds
HV V

e X
⎛ ⎞ ⎛ ⎞= = =⎜ ⎟⎜ ⎟+ +⎝ ⎠⎝ ⎠

 kips 

And the vertical strength per fuse will be equal to 581/8=73 kips. 

And the required link thickness is: 

min1
0

3 * 3 *73 0.157
50*16

p

y

V
t

n yσ
= = =  in   

min 2
1300*16 0.117

11154*16
ver

o

K et
Gy

= = = in 

 

Using plates of thickness 3/16 in, the vertical strength per fuse can be back calculated as      

98 kips, and the total vertical fuses strength will be 98*8=785  kips, while the vertical fuse 

stiffness will be 2091 kip/in and the total vertical fuse stiffness will be 2091*8=16731 kip/in. 
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Assuming 50% overstrength in the plates, the total lateral fuses stiffness and strength can be 

calculated as: 

( )( ) 2

2 2

2 2 16731(24) 126.5
(276)b ver

tot

B X e X
K K

H
+ +

= = = kip/in (22 kN/mm) 

2 241.5*785 102
276Ds p

tot

e XV V
H

⎛ ⎞+ ⎛ ⎞= Ω = =⎜ ⎟ ⎜ ⎟
⎝ ⎠⎝ ⎠

kips (455 kN) 

The actual lateral stiffness per fuse will be 126.5/8= 15.8 kip/in, and the actual lateral 

strength per fuse will be 102/8=12.75 kips 

 

The total system elastic lateral stiffness and strength can be calculated as: 

55 126.5 181.5eff f bK K K= + = + = kips/in (31.7 kN/mm) 

177 102 279Dt Df DsV V V= + = + = kips (1240 kN) 

Checking for the assumed spectral acceleration by calculating the natural period of the 

system: 

691.2 / 3.3752 2 0.34
181.5*386eff

WT
K g

π π= = = sec  <0.5 sec ok 

The yield lateral displacement of the fuses can be determined as: 

102 0.81
126.5fuses

b
y

b

V in
K

Δ = = =  

From which a maximum link ductility of 3.5/0.81=4.3 can be obtained before yielding of the 

columns. 

B.3.1.1 Connection Design 

• Bolts 

For the connection region, the LRFD design considerations for bolted connections (Slip-

Critical) where used for the design, 8 bolts of diameter db = 1”  where assumed with edge 

distance equal to 1.5” and spacing equal to 3”. The minimum edge distance for bolts at 

sheared edges according to the (LRFD manual Table J3.4) for 1” bolt diameter is 1.25”, also 
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the minimum spacing requirement was satisfied as it is 3d which is equal to 3” and the 

maximum spacing requirement is 6”  which is also satisfied. 

 The available shear strength of a single shear single bolt of A490 steel is 44.2 kips threaded 

bolt (Table 7-1 LRFD manual) 

min
98*1.4 3.1

44.2
u

n

PC
rφ

= = =  

From (table 7-7 LRFD manual) the coefficient C for the eccentrically loaded bolt group with 

angle=0 can be found for an eccentricity of 10” and 8 bolts per row. The value of C is found 

to be equal to 4.0 which is greater than the minimum C required. 

To ensure that section 1-1 will not yield, the net area should be greater than the gross area of 

the link. 

The bolt hole size is 1 16 1 0.0625 1.0625bd d= + = + = in 

( ) /8 *netA h d t ht= − ≥  

Assume / 3t t= from which: 

( ) 224 8*1.0625 *0.32 4.9netA in= − =  

224*0.1875 4.5grossA in= = ok 

To ensure that the connection doesn’t fail by plate bearing, (Section J-LRFD manual) is used 

to calculate the available bearing strength at a single standard bolt hole, the available bearing 

strength is: 

1.2 2.4n c u uR L tF dtFφ φ φ= ≤  

Where 2 1.5 1.0625 2 0.97c eL L d= − = − = in  (For Edge Bolts) 
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0.75*1.2*0.97 *0.3125*65 0.75* 2.4*1.0625*0.3125*65nRφ = ≤  

18.15nRφ =  Kips/bolt  

 For other bolts: 

            2 3 1.0625 2 2.47cL S d= − = − =  

0.75*1.2* 2.47 *0.3125*65 0.75* 2.4*1.1875*0.3125*65nRφ = ≤  

51nRφ =  Kips/bolt  

From which the total bearing force of the plate is 2(18.15)+5(51)= 293 kips 

 

Because no slippage is permitted, the connections is classified as Slip Critical, For A490 bolts 

of diameter (1”), the minimum bolt pretension bT can be found from (Table J3-1AISC 

manual) and was equal to 64 Kips/bolt, from which: 

n u sc b sR D h T Nφ φμ=  

1*0.35*1.13*1*64*1 25.3nRφ = = Kips/bolt 

For 8 bolts: 

8* 25.3 202.5nRφ = = kips   

Elastic Analysis has been performed to determine the actual shear force on each bolt as 

follows: 

max
2
x

act
V MP

n y
= +

Σ
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Where ( ) ( ) ( ) ( )( )2 2 2 22 2 1.5 4.5 7.5 10.5 378yΣ = + + + = in2 

140 140(10) 21.2
8 378actP = + = Kips/bolt   

From which the total shear force acting on the connection is 8(21.2) =170kips <202.5 kips  

OK 

• Welds 

For the design of weld between the connecting plates and the column, using two fillet weld 

lines with thickness equal 5mm, using E70XX electrodes the nominal weld strength can be 

calculated as: 

[ ] ( )0.707 0.75*0.707*0.1875*2*24* 0.6*70 187n w w wR t L Fφ φ= = = kips 

Elastic analysis is used to determine the actual shear strength on the weld line in the 

horizontal and vertical directions as follows: 

140 15.56
24*2*0.1875v

w

pf
A

= = = ksi 

3 32*0.1875*24 432
12 12weld

w w
x

t hI = = = in4 

140*10*24 2 38.8
432

x
H

x

Mf y
I

= = = ksi 

( ) ( )2 22 2 15.56 38.8 41.8r v Hf f f= + = + = ksi   < 60 ksi  OK 
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B.3.2 BRB Design 

Ds y b
tot

LV n A sin 81.6
H

⎛ ⎞
= Ω σ θ =⎜ ⎟

⎝ ⎠
kips 

choosing 6 BRB, the area of the BRB required is calculated as: 

b
81.6*276A 2.4

1.5*6*50*sin 57*24
= = in2 

To calculate the maximum required yielding length of the BRB: 

b
b 2

ysc tot

nEA LHsin cosK 95.7
L H

θ θ= = kip/in 

( )2
6*29000*2.4*24*37*sin 57*cos57

95.7 276
yscL = = 23in 

A yielding length of 12in was chosen, which is equivalent to 0.5 of the total BRB length. The 

Kb was then back calculated to be equal to 185 kip/in (32kN/mm) 

The total system elastic lateral stiffness and strength can be calculated as: 

 

55 185 240eff f bK K K= + = + = kip/in (42 kN/mm) 

177 81.6 258.6Dt Df DsV V V= + = + = kips (1149 kN) 

 

B.3.3 Unrestrained SPSL Design 

sinDS y
tot

LV n tS
H

⎛ ⎞
= Ω σ α⎜ ⎟

⎝ ⎠
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 34 241.5*8*50*0.1875* * *sin 45 78
3 276DSV = = kips (346.6 kN) 

( )
2

tS 2 Lsin
3b

tot

B X
K G

H e
α+⎛ ⎞

= ⎜ ⎟
⎝ ⎠

 

( )2

340.1875* *24*24*sin 45
33 *11154 137

16* 276
bK

⎛ ⎞
⎜ ⎟

= =⎜ ⎟
⎜ ⎟
⎝ ⎠

kip/in (24kN/mm) 

The total system elastic lateral stiffness and strength can be calculated as: 

55 137 192eff f bK K K= + = + = kip/in (33.5 kN/mm) 

177 78 255Dt Df DsV V V= + = + = kips (1133 kN) 

 

B.4 Connectors Design 

Connectors should be designed according their longitudinal shear capacity ( LV ) as failure 

could occur due to the failure of the bar connector to transfer the longitudinal forces from the 

steel plates into the concrete. The second failure mode is the failure of the bar in tension from 

which the transverse shear capacity ( TV ) should be checked. The (Bi-Steel Design Manual 

Guidelines) was used for the design of the connectors.  

 

B.4.1 Longitudinal Shear  

The actual longitudinal shear force can split into two components: 

1

_

cy
L vi

V A y
V L

I
=  

Where: 

1LV : The longitudinal shear component for a single bare column 
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cyV : Yield base shear for a single bare column 

A : Area of steel Plate 
_

y :  Distance between the centroid of the area and the section neutral axis 

viL : Length of shear zone 

I : Moment of Inertia using the flexural neutral axis 

 

To determine the moment of inertia the flexural neutral axis ( my ) must first be determined as: 

( )0.52 2my B B C= − + −  

Where: 

c t tB mt mt t= + −  

2 2 2

2 2 2
t c c

t
mt mt tC hmt= − + − +  

Where (m) is the modular ratio and is taken as 13.3, shown in figure B-5 all the parameters in 

the equations. 

 

13.3*0.5 13.3*0.5 0.5 12.8B = + − =  
2 213.3*0.5 0.524*13.3*0.5 161.4

2 2
C = − + + = −  

( )0.5212.8 12.8 2*161.4 9.26my = − + + = in 

From which (I) can be calculated as follows: 
3

2 2( )( 2) ( 2)
3
m c

c m c t m t
b y tI bt y t bt h y t

m
−= − + + − −  

3
2 224(9.26 0.5)36*0.5(9.26 0.5 / 2) 36*0.5(24 9.26 0.5 / 2) 5645

3*13.3
I −= − + + − − = 4in  

From which (
1LV ) can be calculated as: 

1

191(36*0.5)*(14.49)*(15*12) 1588.5
5645LV = = Kips  (7066 KN) 

 

The actual shear force per rod from the first component can be calculated as follows: 

1

L x y
act

vi

V S S
P

bL
=  
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Setting the bar spacing as 300xS = mm and 225yS = mm, the actual shear force per bar is: 

1

1588.5*12*9 26.47
36*15*12actP = = Kips (118 KN) 

 

The second component of the shear force arises from the links and this is a local additional 

shear force on the middle row of rods, each link is connected to approximately 4 rods 

according to the spacing of the rods, so an additional shear force of 200/4=50 Kips is added 

to the actual shear force locally at these rods, so the total shear force is 76.47 Kips (340 KN) 

 

 

The shear capacity of a single bar connector is the lesser of the following: 

1
0.8 /bar L u bar VP k f A γ=  

2

2 0.50.29 ( ) /bar cu c VP d f Eα γ=  

(0.024 0.76) 1Lk t= + ≤   (equation in mm) 

Where: 

barP : Shear design capacity of a single bar 

uf : Ultimate tensile strength of a bar (73 ksi, 500N/mm2) 

d: Diameter of the bar  

α: Connector height/ diameter factor (α=1) 

Vγ : Material Factor for bar connectors equals to 1.25 

 

From which: 

0.024*0.5* 25 0.76 1.06Lk = + =   , Take 1Lk =  

1

2(1.5)0.8*1*73* /1.25 82.6
4barP π= = kips  (controls) 

( )
2

0.520.29*1*(1.5) * 6*4415 /1.25 85barP = = Kips    

The shear capacity of a single rod is higher than the actual shear force     ok 
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FIGURE B- 5 Transformed section and strain diagram for pure bending case 

B.4.2 Transverse Shear 

The transverse shear capacity of the bar connectors should also be checked, according to the 

Bi-Steel design manual, the transverse shear capacity of the section is the least of: 

1( )wd RdV V+ , 2RdV  and 2redRdV  

0.9 c ybbar
wd T

x Ma

h fAV k
s γ

⎛ ⎞⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
 

( )2 3
1 1

0.0525 1.2 40 0.15Rd cu cp c
Mc

V f k bhρ σ
γ

⎡ ⎤
= + +⎢ ⎥
⎣ ⎦

 

2 0.45 /Rd cu c McV f bhν γ=  

2 21.67 1
red

cp Mc
Rd Rd

cu

V V
f

σ γ⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 

 

Where: 
1.25

2.5
b

y
T

y

f tk
f d

⎛ ⎞⎛ ⎞= ⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
 

1.6 1.0ck h= − ≥   ( ch in meters) 

1 0.02ct hρ = ≤  

0.7 0.5
200

cufν ⎛ ⎞= − ≥⎜ ⎟
⎝ ⎠

 

cpσ : Average compressive strength in concrete due to axial load 
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ybf : Yield Strength of the bar connector (355 N/mm2) 

Maγ : Material factor for Steel equal to 1.1 

Mcγ : Material factor for concrete equal to 1.5 

 

From which: 
1.25355 122.5 1

355 25Tk ⎛ ⎞⎛ ⎞= =⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

 

1.6 0.576 1.024k = − =  

1 12 576 0.02ρ = =  

400.7 0.5
200

ν ⎛ ⎞= − =⎜ ⎟
⎝ ⎠

 

770*1000 1.42
600*900cp

P
A

σ = = = N/mm2 

 

1104.5 576*3550.9*1 1000 616
300 1.1wdV ⎛ ⎞⎛ ⎞= =⎜ ⎟⎜ ⎟

⎝ ⎠⎝ ⎠
KN 

( )0.67
1

0.0525 40 *1.024 1.2 40*0.02 0.15*1.42 900*576 /1000 550
1.5RdV ⎛ ⎞⎡ ⎤= + + =⎜ ⎟⎢ ⎥⎣ ⎦⎝ ⎠

KN 

( )
2

0.45*0.5*40*900*576 /1.5 31101000RdV = = KN 

2
1.42*1.51.67*3110 1 4917

40redRdV ⎛ ⎞= − =⎜ ⎟
⎝ ⎠

KN 

From which the transverse shear capacity of the section is 616+550=1166 KN 

And the actual transverse shear is equal to 191 kips (850 KN) from which the transverse 

shear is concluded as safe. 

 

B.5 Foundation Design 

A Bi-Steel panel is used to represent the foundation, 12 dywidags are used spaced as shown 

in figure B-6, the maximum actual tensile force acting on each dywidag is calculated as 

follows: 
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( ) ( )2 3 48 3 72 121440u ur r+ =⎡ ⎤⎣ ⎦  

169ur = kips 

Choosing 12 dywidags of diameter 1 3/8 in, the maximum pretensioning force of 

0.8
dwdw yA F is equal to 189.6 kips > ru  OK  

 

FIGURE B- 6 Specimen Foundation Detail 

For shear along the foundation base, slip critical connection is assumed from which: 

n u sc b sR D h T Nφ φμ=  

1*0.35*1.13*1*189.6*1 75nRφ = = kips/bolt 

While the actual shear/bolt is equal to 440/12=37 kips < 75  OK 
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B.5 Cap Beam Design 

A Bi-Steel panel is also used to represent the cap beam of the prototype bridge, figure B-7 

shows the detail of the cap beam used in the model. The maximum shear force acting on the 

cap beam can be calculated from the plastic moment expected to occur on the specimen, 

which can be calculated as: 

*1.4 10177*1.4 891
16

p
u

c

M
V

h
= = = kips  (446 kips/ plate) 

Using a plate thickness of 8mm (5/16 in), the yield shear force per inch length of the plates 

can be calculated as: 

50/ *0.3125 9.02
3y yV in tτ= = = kips/in  

From which a plate length of 446/9.02=49.4 in is required 

Take L=50 in 

 

 

FIGURE B- 7 Cap Beam Detail 
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B.7 Threaded bars design 

For the threaded bars connecting the transfer beam to the specimen, 4 ASTM A193 bars of 

diameter 1 1/8 in where chosen with ultimate tensile stress of 138 ksi . The maximum 

pretension force of ( )20.8 0.8*138* * 1.125 110
4u bf A π= = kips. 

The maximum actual tensile force acting on each bar is 440/4=110 kips   OK 

B.8 Transfer Beam Design 

The transfer beam was considered as a simply supported beam of span equal to 100 in, from 

which the bending moment was calculated as 440(100)/4=11000 kip.in and the shear force as 

440/2=220 kips, figure B-8 shows the detail of the transfer beam. 

 

FIGURE B- 8 Transfer Beam Detail 

The bi-steel design software was used for the analysis of the transfer beam and the results are 

shown below. 

The plate thickness was chosen to be 12mm (0.47 in) and the concrete depth hc=24in and bar 

spacing 8 in. 
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B.9 Bi-Steel Panel Design 

Member properties 

Lx = 8.3      ft     Ly = n/a      ft     Rx = n/a      ft     

Ry = n/a      ft     Lvix = 4.15     ft     αax = 1         

αbx = n/a        

 

Section geometry 

hc = 24       in     t1 = 0.472440 in     d = 0.984251 in     

t2 = 0.472440 in     bx = 24       in     

    Optimised bar spacing, rounded down to the nearest 10mm sx = sy = 9.06     in     

 

Material partial factors 

γMa = 1.1       γMc = 1.5       γv = 1.25       

 

Forces 

M1y = 920      kip-ft Nsdx = 0        kips   V1x = 220      kips  
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qcp = 0.003480 ksi        qip = n/a      ksi        Tx = n/a      kip-ft 

Locked-in stress (��pbar,ave ) =  0        ksi         

     

B.9.1 Effective modular ratio 

For conservative calculation of the effective modular ratio, 

the face plate with the greater yield strength is used. 

Therefore fy  = 51.49    ksi        

m = 11.65        

ck

y

f
f

m 2.1lim =
     

Therefore m = 13.31    

      

B.9.2 Preliminary section properties 

)( tc ttmB +=      

= 12.58    in     

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−+−=

22

22
ct

tc
tt

thmC
      

= -150.944 in    ² 
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)2( 2 CBBx −+−=      

    = 8.87     in     

⎟
⎠
⎞

⎜
⎝
⎛ ++=

m
xttbA ctb

   

  = 38.67    in    ² 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+++−= tc

tc

b
c th

t
m

xt
A
by

222

222

    

  = 8.87     in     

22

22
⎟
⎠
⎞

⎜
⎝
⎛ +−+⎢

⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ += t

cct
c

cc
tyhttytbI

 

       ⎥
⎥
⎦

⎤
⎟
⎠
⎞

⎜
⎝
⎛ −++

23

212
xy

m
x

m
x

c

     

     = 4036.88    in    4 

12

3b
m
xttI ctzz ⎟
⎠
⎞

⎜
⎝
⎛ ++=

     

       = 1856.2     in    4 

m
bh

A c
s =

     

  = 43.27    in    ² 
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B.9.3 Effective forces 

α = 1           

[ ]vcr

cr
effcr FN

NN += 1,
    

            = 108039.5 kips   

)/1(
)(

,

21

effcrSd

RSd

NN
eeeN

M
−

++
=Δ

    

        = 0        kip-ft 

M
Le

e
Le

eeV R Δ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++=Δ 4

00

21 π

�    

       = 0        kips   

MMM Sd Δ+= 1      

         = 920      kip-ft 

VVVSd Δ+= 1     

       = 220      kips   

Distance from underside of compression flange to neutral axis, x 

x = 8.87     in     
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B.9.4 Cross section properties 

 

⎟
⎠
⎞

⎜
⎝
⎛ ++=

m
xttbA ctb

     

      = 38.67    in    ² 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+++−= tc

tc

b
c th

t
m

xt
A
by

222

222

    

      = 8.87     in     

 

22

22
⎟
⎠
⎞

⎜
⎝
⎛ +−+⎢

⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛ += t

cct
c

cc
t

yht
t

ytbI
 

       ⎥
⎥
⎦

⎤
⎟
⎠
⎞

⎜
⎝
⎛ −++

23

212
xy

m
x

m
x

c

     

     = 4036.88    in    4 

 

⎟
⎠
⎞

⎜
⎝
⎛ +=

2
/ c

cc
t

yIW
    

      = 443.24   in    ³ 
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⎟
⎠
⎞

⎜
⎝
⎛ +−=

2
/ t

cct
t

yhIW
    

      = 262.74   in    ³ 

     

B.9.5 Shear capacity of bar connector 

 

b

Sd
ataaca A

N
== σσ

    

                   = 0         ksi        

c

dS
acb W

M
=σ

    

         = 24.91     ksi        

t

dS
atb W

M
=σ

    

        = 42.02     ksi        

 

σac = σaca ± σacb = 24.91     ksi          

σat =  σatb ±�σata = -42.0191   ksi          

σtbc = 0        ksi           
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)(
355

)76.0024.0( tbc
yb

May
L f

f
tK σγ

−+=
    

       = 1         

vubLRd
dfKP γπ /
4

8.0
2

1 =
     

        = 35.31    kips   

vcmckRd EfdP γα /)(29.0 2
1

)
2
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B.9.6 Longitudinal shear 
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       = 472.81   kips   

 

VL = greater of VL1 and VL2 = 472.81   kips   
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Therefore sx = sy = 9.06     in     

 

B.9.7 Axial stresses in plate 

 

Kf = 566.28   

σp = qipKf = 0         ksi           
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    = 0         ksi        

 

B.9.8 Face plate buckling parameter 
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B.9.9 Stress checks 

Compression plate buckling 

χfy / γMa = 44.38    ksi        

Mayac f γχσ /≤      

 σac = 24.91    ksi       OK 

Compression plate yielding 

fy / γMa = 46.81    ksi        

Ma

y

y
cfbcavepbarpac

f

s γ
σσσσ ≤+++ 50

,,

    

σbc.cf  ≤ fy/γMa 

σbc.cf  = 1.97     ksi        

 σ ac +σ p +σ p.bar,ave +σ bc.cf 50/sy = 25.34    ksi       OK 
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Tension plate yielding 

Mayat f γσ /≤      

σat = 42.02    ksi          OK 

 

Transverse shear check  

VSd = 220      kips   

redRdRdRdwdSd VandVVVV ,221 ),( +≤      

(Vwd + VRd1) = 283.47   kips      

VRd2 = 433.08   kips      

VRd2,red = 723.24   kips    OK   

     
Longitudinal shear check  
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