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ABSTRACT: The loss of occupancy and the difficulty associated with repairing a 

conventional structure following an earthquake can economically burden owners as well 

as occupants. This paper outlines a concept of a linked column steel framing system 

utilizing replaceable components that are strategically placed to protect the gravity load 

carrying system. The nonbraced lateral system relies on the inelastic behaviour of bolted 

shear links. Non-linear pushover analyses were used to investigate the performance of a 

three-story building and demonstrated ductile behaviour with the potential for rapid return 

to occupancy. Practical connection details for the link components were proposed in an 

effort to provide elastic connections that shift plastic strains away from critical welds, 

thereby avoiding some of the failures observed in past tests on similarly detailed link-to-

column eccentrically braced frames. Link end details were investigated using detailed 

non-linear finite element analyses and showed the viability of the shear link component to 

provide inelastic energy dissipation while limiting plastic strains at the bolted connection. 

In general, the linked column framing system is thought to be viable under seismic 

loading, offering a ductile structural system with the ability to rapidly return to 

occupancy. 

1 INTRODUCTION 

Current approaches to structural steel building design for extreme seismic events in the United States 

typically include forms of the ductile structural systems contained in the AISC Seismic Provisions 

(AISC 2005). Most of these structural systems utilize gravity load-carrying members for resisting 

lateral loads. To do so economically, ductile inelastic behavior is relied upon to prevent structural 

collapse and limit the internal forces in the structure. However, inelastic behavior is usually directly 

related to structural damage, which in the conventional systems typically results in damage to the 

gravity load-carrying members even for smaller than design level events. The performance of the 

conventional systems therefore conflicts with the vision of achieving target performance levels that 

could result in immediate or rapid return to occupancy. 

Moment resisting frames are one of the more popular structural systems primarily due to owner and 

architect driven priorities related to the use and versatility of the building. Inelasticity is typically 

induced in beams in close proximity to the beam-column connections and depending on the 

connection details, the system is classified as ordinary, intermediate or special moment frame with the 

latter being best suited for areas of high seismicity. Extensive research has been conducted since the 

Northridge earthquake to develop details that ensure ductile behavior and limit undesirable crack 

formation (FEMA 2000). Even when inelasticity is confined to predetermined locations on the beam 

leading to significant ductility capacity, as is the case for special moment resisting frames, rapid post 

earthquake repair is not easily achievable since the damage is in the gravity load carrying beams. 
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Alternatives have been considered for the beam-column connection that avoid or limit damage via 

rocking with post-tensioning (Rickles et al 2001) or sliding friction (Clifton et al 2007), both of which 

no longer rely on plastic hinging of the steel beam. 

Eccentrically braced frames do not fit in the scope of non-braced structural systems, but also suffer 

from similar shortcomings when considering return to occupancy despite their ability to provide stiff 

and ductile response. Eccentrically braced frames rely on yielding of a link beam between braces 

(AISC 2005). Since the beams are continuous and located at floor levels, they form part of the gravity 

system. These ductile structural steel systems are well suited to provide the desired level of ductility 

and energy dissipation under seismic loading for life safety without the need to design for elastic 

behavior. The resulting damage however can be induced for earthquake intensities well below the 

design level earthquakes because of the large response modification factor values used for sizing 

members; ranging from R = 7 to 8 (ASCE 2005). The loss of occupancy and the difficulty associated 

with economically repairing the gravity system following an earthquake can burden the owners and 

occupants. The objective of this research effort is to develop a structural steel system with inherent 

specific target performance levels and the ability for rapid return to occupancy while maintaining the 

appeal of non-braced frame systems. 

2 LINKED COLUMN FRAME FOR LATERAL LOADS 

The proposed lateral load resisting system, referred to as the linked column frame (LCF) system, 

incorporates aspects of conventional components, but combines them to achieve a system that can be 

designed for multiple performance objectives. In the LCF building system, selected columns are 

spaced in close proximity in specific areas and linked independently of the gravity system throughout 

the height as conceptualized in Figure 1. Under earthquake induced lateral loads, the relative 

deformations of the closely spaced columns engage the links which are designed to yield in shear to 

dissipate energy, control drift and limit the forces transferred to the surrounding structural members. 

The links are bolted to the columns to allow for controlled shop fabrication and more importantly for 

rapid replacement when severely worked. 
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 (a) Single Story and Single Bay Frame (b) Lateral Load Distribution 

Figure 1: Linked Column Frame Layout 

 

The remainder of the structure consists of moment frames that provide the primarily gravity load-

carrying capacity and also secondary lateral stiffness. These frames remain elastic due to the relative 

flexibility of the longer span beams. This stiffness can be utilized as a restoring force during extreme 

lateral loading and also as a self-centring mechanism upon removing and replacing any permanently 

deformed links. The LCF system lateral response consists of a minimum of three target performance 

levels: 
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 Elastic behaviour – Under wind and service loads, the entire structure remains elastic. The 

primary stiffness is provided by the linked column assembly. 

 Extreme event rapid return to occupancy – Under extreme lateral loads, the links plastically 

deform while the rest of the structure remains elastic. The structure can be immediately 

occupied following the event as the gravity system remains undamaged. 

 Collapse prevention – During events exceeding the design base earthquake and rapid return to 

occupancy performance level, moment hinges could form in the gravity system. 

3 BUILDING FRAME ANALYSES 

3.1 Perimeter System Layout 

A three story building developed as part of the SAC research project (FEMA 2000b) for moment 

frame buildings was adopted for conducting the preliminary analyses. The building was rectangular in 

plan measuring 54.8 m x 36.6 m and consisted of a perimeter special moment resisting frame with 

9.1m bays. To study the concept of the LCF layout, the beam sections and spans were maintained for 

the linked column layout, which is illustrated in Figure 2. The linked columns in LCF were spaced at 

1.5 m and two links distributed at each storey. The links were designed as shear dominated links in 

eccentrically braced frames of Vp = 1200 kN capacity, corresponding to approximately 640 mm deep 

section. In adopting LCF system for this building and structural member layout, two main differences 

were incorporated during the development that contrasted the SAC moment frame design; beam 

connection and column to foundation connection assumptions (Dusicka 2007). 

In a typical moment frame, all beams are connected to columns through fully restrained moment 

connections. The intended response for LCF is to engage plastic behaviour in the gravity beams at the 

collapse prevention performance level, in which drift levels are larger than the yielding of the links 

within the linked columns. One method of introducing flexibility is to change the boundary conditions 

of the beam from fully restrained at both ends to fully restrained at just one end of the beam and 

pinned at the other. The consequent relationship between rotation and internal moment of the beam 

results in more flexible system that doubles the beam rotation required to reach the beam plastic 

moment. To take advantage of the delayed onset of yielding in the beams, the secondary beams in 

LCF were pinned at the connections as illustrated in Figure 2. The increase in beam rotation results in 

an increase in drift at which the beam plastic hinge starts to form. 
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Figure 2: Three Story Building Perimeter Frame Model 

 

Columns are often assumed fixed through a fully restrained connection to the foundation in moment 

frame buildings, especially for low to medium height structures. The consequence of this design intent 

is the formation of a plastic hinge in the column near the foundation under earthquake demands. In an 

effort to minimize column damage for the purposes of rapid return to occupancy in the LCF system, 

all columns were assumed to be pinned at the foundation. To provide additional stiffness in the linked 

columns, an additional link was provided near the foundation level. This added link introduced column 
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restraint that was limited by the plastic capacity of the link and thereby protects the column from 

damage if designed using capacity design principles. 

 

3.2 Pushover Analyses Results 

The lateral response was evaluated using two dimensional non-linear pushover analyses using the 

commercially available program SAP2000 (CSI 2007). Member plasticity, non-linear geometry and P-

delta effects resulting from the gravity loads and shown in the model in Figure 2 were incorporated. 

Beam, column and shear link hinging was defined using bilinear relationships with 3% strain 

hardening based on FEMA guidelines (FEMA 2000c). Gravity loads from the dead and 50% from the 

live loads were applied prior to the pushover. Given the regularity of the building, the lateral load was 

imposed based using an equivalent lateral load distribution through the height. 
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Figure 3: Lateral Response of Three Story Perimeter Frame 

 

The pushover response of the roof drift versus the total base shear is shown in Figure 3 for the LCF 

system and for comparison also a post-Northridge design of special moment resisting frame. The 

moment frame exhibited the expected behaviour; the beams yielded, followed shortly thereafter by the 

columns at the foundation. This pattern of inelasticity implied damage to the gravity load structure 

shortly following 1% drift. Hence earthquake magnitudes that are below the maximum design level 

could still result in costly structural damage. 

The LCF system consisting of the same beam and column sections as the moment frame was found to 

be stiffer, which was considered an advantage given that the conventional moment frame designs for 

high seismic zones are often governed by drift limitations rather than base shear forces. The links 

yielded first in the first storey at approximately 0.43% drift. Subsequent link yielding developed 

throughout the height of each linked column, providing a ductile response that had not impacted the 

gravity load system until the first beam yielded at 1.7% drift. This range in drift highlighted in Figure 

3 satisfies the performance objective of rapid return to occupancy through link replacement. The 

deformation demands on the links were found within the range of deformations expected from shear 

links in eccentrically braced frames. The columns were adequately protected by the bottom link and 

did not yield. 

When the beams in LCF system yielded, the beam rotation demand imposed on the plastic hinges at 

any particular drift level was less than for beams in the moment frames. At the same time, the 

demands on the linked columns were also significantly less. Although the analyses were performed for 

more direct comparison on buildings of different lateral load systems but using the same member 
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sizes, the lower demands imposed on the LCF system could result in more optimal and smaller 

members through refinement of the design. Having shown the potential performance of the system, 

characterisation of the dynamic response to earthquake excitation and subsequent design optimization 

is currently being conducted by the authors. 

4 LINK COMPONENT ANALYSES 

4.1 Replaceable Shear Link and End Connection 

The links conceptualized in the LCF system are providing localized inelasticity, similar to links in 

eccentrically braced frames. Unlike the continuous beam or welded details in eccentrically braced 

frames, the links are bolted to the columns to facilitate post earthquake replacement. A possible option 

for implementing the replaceable link was using an end-plate connection, which has been in use for 

beam-to-column connections for primarily gravity frames. 

One of the issues in connecting the link to the end plate is the potential for premature failure due to 

fractures at the end plate connection as observed under cyclic loading and in similar type of joining 

found in eccentrically braced frame link-to-column connections (Ramadan 1995, Dubina 2000, 

Okazaki 2007). The intent was to have ends of the link designed to be elastic, while the middle section 

yields and deforms. In an effort to produce a workable and a replaceable link, a design approach was 

sought that would minimize the chance of premature failure at the connections by shifting plastic 

strains away from the connection and toward the middle of the link. Since links resist significant shear 

as well as moment, a general approach of using end stiffeners was investigated. The options shown in 

Figure 4 include end stiffeners parallel and angled toward the web of the link. 

 

Figure 4: Link Layout and Numerical Model 

 

4.2 Link Numerical Model 

The end stiffener designs were investigated for a shear, intermediate, and long links as defined using 

the ratio of eVp/Mp, where e is the link length, Vp the plastic shear and Mp the plastic moment 

(AISC 2005). Short shear dominated links are considered when the ratio is less than 1.6, long moment 

dominated links for ratios over 2.6 and intermediate links for values in between. Accounting for linked 
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column depths of W14 sections and centre to centre spacing of 1.5 m, the overall link length 

corresponded to 1.35 m. Rolled wide flange sections W12x96, W12x35 and W12x22 were used for 

short, intermediate and long link respectively. These sections were chosen because they satisfied the 

range of shear link to long link criteria with relatively common depth and could be used for 

investigating the feasiblity and effectiveness of the end plates without significant change in link aspect 

ratio. The end plate connection was designed based on beam end plate provisions (AISC 2003). 

Detailed numerical models were developed using commercially available finite element software 

ABAQUS (SIMULIA 2008) to study the end plate connection. Non-linear material and geometry were 

utilized along with 8-node linear brick elements. The mesh was refined near the connection by 

considering a series of models with decreasing mesh size to achieve strain convergence at key nodes 

along and near the flanges. Computational efficiency was realized by taking advantage of symmetry at 

mid-length of the link resulting in mesh similar to Figure 4c. The links were deformed to an equivalent 

shear deformation of  = 0.10 rad for numerical comparison convenience, with the realization that long 

links are not expected to tollerate such levels of deformation. 

 

4.3 Link Plastic Strains near the Connection 

Different locations of the stiffeners had been studied, including the variation in stiffener length and the 

location within the width of the link. The angled stiffener exhibited the advantage of connecting to the 

web, providing for more direct shear transfer. This resulted in nearly elastic web behaviour near the 

connection, but did not always limit the plastic strains in the flange especially for the wide flange 

shear links. The practical implementation was found to restrict access to bolt holes for certain short 

links and was for that reason found to be less practical. The general trends were similar to the parallel 

end stiffeners, which are highlighted in greater detail as the preferred option. Increase in length Ls of 

the parallel end stiffeners resulted in decrease in plastic strains at the connection and was found to be 

effective for both short and long links at lengths of 127 mm. The resulting plastic strains in the flange 

and in the web are shown in Figure 5 and Figure 6 respectively. The shear dominated shear link and 

flexure dominated long link are used as the two extreme cases for illustration. 

 
 (a) Shear Link W12x96 (b) Long Link W12x22 

Figure 5: Tension Flange Plastic Strains at =0.10 rad for Parallel End Stiffener 

The shear link without end stiffeners exhibited plastic strains in the flange at the end plate connection 

despite the end moments being below the plastic capacity of the link. With the introduction of the end 

stiffeners, the plastic strains shifted away from the end plate and toward the middle of the link. The 

flange demands on the long link without stiffeners were made more complicated by the flange 

buckling at the ends of the link. The buckling resulted in increase of flange strains near the flange 

edges at the end plate connection on the compressive flange. Being dominated by flexure, the tension 

i) without end stiffeners 

ii) with end stiffeners 
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flange exhibited yielding over the entire first panel of the link. The end stiffeners again shifted the 

plastic strains away from the end plate.   

The link characteristic inelastic behaviour is demonstrated by the plastic strain distribution shown in 

elevation in Figure 6. The entire web of the shear link had yielded as compared to just the ends of the 

long link when considering the cases without end stiffeners. Across the various links and details 

considered, the use of end stiffeners was found to reduce strain along the web at the link connection to 

different degrees. Angled stiffeners, which connected to both the end plate and the web, resulted in 

nearly elastic web plastic strains. Straight stiffeners that were not connected to the web had a more 

gradual transition from the plastically deformed web to the end connection. The strains at the web to 

end plate connection rapidly decreased and even a shorter Ls = 64 mm end stiffeners were found to be 

sufficient for the shear dominated links. The end result of shifting web plastic strains away from the 

end plate connection remained.  

 
 (a) Shear Link W12x96 (b) Long Link W12x22 

Figure 6: Web Plastic Strains at =0.10 rad for Parallel End Stiffener (end stiffener not shown) 

 

The stiffening of the link end effectively reduced the plastically deformable length of the link. The 

reduction in the deformable link length affects the ratio eVp/Mp, which is used to differentiate between 

short and long links and could therefore affect the flange strains should a long link be reduced enough 

to become a shear link. Recalculation of these ratios for the effective length retained the respective 

classification, i.e. long links remained long and intermediate links remained intermediate. The 

effectiveness of the end stiffeners for the web as well as the flange was not affected by transitioning to 

a different type of link. 

5 SUMMARY AND CONCLUSIONS 

The concept of a lateral load resisting system that could lead to rapid return to occupancy following an 

earthquake event was outlined. The system incorporates replaceable links placed between closely 

spaced columns, which under earthquake lateral demands yield the links via a differential movement 

throughout the height of the structure. Results from non-linear pushover analyses of a three story 

perimeter frame illustrated the viability of the system as a ductile lateral load resisting system that 

could be stiffer and yet achieve drifts that exceed those of special moment resisting frames. In the drift 

range of 0.43% to 1.7%, inelastic behaviour of the system was achieved without damaging the gravity 

structural system. The linked column frame effectively protects the gravity beams as well as the 

columns such that the structure could rapidly return to occupancy through link replacement. 
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The system performance depends in large part on the ability of the link to deform without premature 

failure, which was sought to be avoided by limiting the plastic strains at the chosen end plate 

connections. The feasibility of using end stiffeners had been investigated using non-linear finite 

element model. End stiffeners placed parallel to the web were found to be effective in shifting plastic 

strains away from the bolted ends in both the flange and the web. 

The exploratory analyses have illustrated the lateral system’s capability to achieve specific target 

performance levels and demonstrated the component’s potential ability to concentrate the desired 

plasticity within the link. These were the initial steps in a multi-year research project, which aims to 

develop a design methodology for low to medium height buildings and investigate the dynamic 

performance of the system through complementary numerical and experimental components. The 

experimental program includes large scale cyclic link experiments at the component level as well as 

dual-shake table dynamic simulation of a linked column frame bay at the system level. 
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