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Abstract 

The response of stable yielding systems with enhanced ductility such as steel buckling-restrained 

braced frames (BRBFs) and eccentrically braced frames (EBFs) often exhibit a seismic response 

where their peak response is concentrated locally and results in large residual deformations. 

Gravity induced second-order P-Delta effects influence these response parameters and, in extreme 

cases, can compromise the global seismic stability of such systems. Furthermore, excessive 

residual deformations increase the required resources for post-earthquake repairs and elongate the 

recovery time for damaged structures. For EBFs, which rely on localized inelastic deformations in 

the yielding link, peak and residual link rotations are much larger than inter-story drift ratios. 

Recent experimental and numerical studies have shown that even with moderate residual inter-

story drift ratios, severe residual link rotations could be expected, which could render the structure 

difficult to repair even for EBFs with replaceable yielding links. This paper presents the 

development of a low-cost dual system in EBFs, which is intended to enhance their seismic 

stability and mitigate their peak and residual deformations. After presenting the design concept, 

the proposed system is adopted for a prototype EBF designed with cast steel replaceable modular 

yielding links. The performance of the proposed system is evaluated through nonlinear time-

history analyses under a suite of earthquake records. The results demonstrate that the proposed 

system is effective in increasing the seismic stability of EBFs, reducing both peak and residual 

deformations. Reduced link residual rotations will result in shorter repair and recovery time after 

major earthquakes and a more resilient and sustainable design for EBFs.  

 

1. Background 

The strength and stiffness of structural steel as a material facilitates the design of slender structural 

components. This leads to designing structural systems, which are generally flexible in nature 

compared to other structural systems. In addition, the inherent ductility of steel, along with careful 

detailing facilitates the design of ductile energy dissipative yielding fuses with enhanced 

deformation capacity. The flexible nature of steel seismic force resisting systems (SFRSs), 

combined with their enhanced peak deformation capacity, makes them more prone to gravity-

induced second-order P-Delta effects. P-Delta effects can further increase both peak and residual 
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deformation demands and, in some extreme cases, can compromise the global seismic stability of 

the frame structure. As such, stable yielding systems with enhanced ductility are susceptible to 

experiencing large residual deformations. This has previously been shown for single degree of 

freedom and multi degree of freedom systems (MacRae and Kawashima 1998; Christopoulos et 

al.  2003; Pampanin et al. 2003, Christopoulos et al. 2004). Detailed numerical studies on ductile 

steel SFRSs such as special moment resisting frames (SMRFs) and buckling-restrained braced 

frames (BRBFs) have also confirmed these observations (Sabelli et al. 2003; Fahnestock et al. 

2007a; Tremblay et al. 2008; Erochko et al. 2011), which are also supported by experimental 

studies (Fahnestock et al. 2007b; Mojiri et al. 2021; Mortazavi et al. 2022). Recent investigations 

into the behavior of eccentrically braced frames (EBFs) have provided critical insights through 

both numerical and experimental studies. Mortazavi et al. (2024a) conducted a numerical analysis 

on EBFs ranging from 2 to 12 stories, comparing conventional EBFs with systems incorporating 

cast steel replaceable yielding links (Mortazavi et al. 2023a; 2023b). Their performance was 

assessed under a suite of forty earthquake ground motions, showing that EBFs tend to develop 

significant residual drifts, with even larger residual link rotations. Notably, at the DBE-level 

hazard, 75% of the cases exhibited link residual rotations exceeding 0.005 radians. Additionally, 

50% to 70% of the analyzed structures experienced residual link rotations surpassing 0.01 to 0.02 

radians, posing substantial challenges for link replacement. The study also highlighted that in 

EBFs, residual link rotations can be critical even when overall building drifts remain moderate 

(i.e., below 0.5%), due to the localization of inelastic deformations within the yielding links. These 

findings were further confirmed in an experimental study where two low-rise prototype EBFs, 

incorporating cast steel replaceable modular yielding links, were evaluated through pseudo-

dynamic hybrid simulations under earthquake excitations (Mortazavi et al. 2023c). Both building 

structures exhibited excessive residual deformations, with localization of residual rotations within 

the yielding link. 

 

Excessive residual deformations can compromise a building's functionality and, in extreme cases, 

result in its total economic loss. McCormick et al. (2008) provide guidelines on acceptable residual 

deformations in structural systems, suggesting that residual rotations or drifts exceeding 0.005 

radians (0.5%) become perceptible to occupants. Furthermore, when these values surpass 0.01 

radians, they can cause discomfort and significantly impede the building’s usability. In the case of 

steel EBFs with replaceable yielding links, excessive residual link rotations can hinder the 

replacement of the yielding links and times make it impossible, and therefore, increase the building 

recovery and repair time after an earthquake.  

 

Given the significant impact of residual deformations on a building's post-earthquake 

functionality, significant research has been conducted on the development of self-centering 

structural systems, as outlined in Zhong and Christopoulos (2021). Full self-centering behavior, 

which is shown in Figure 1 (a), can be achieved through several methods including (1) the use of 

shape memory alloy materials (DesRoches et al. 2004; Ocel et al. 2004; Zhang and Zhu 2007; 

Youssef et al. 2008; Attanasi et al. 2009; Ozbulut and Hurlebaus 2010; Bhuiyan and Alam 2013; 

Qian et al. 2016; Alipour et al. 2017; Zareie et al. 2020), (2) Mechanical systems or post-tensioned 

devices (Christopoulos et al. 2002; Christopoulos et al. 2008; Bishay-Girges and Carr 2014; 

Erochko et al. 2015; Xu et al. 2018; Hashemi et al. 2018; Bagheri et al. 2020), (3) Use of geometry 

by incorporating rocking mechanisms (Dowden and Bruneau 2011; Deierlein et al. 2011; Calugaru 

2013; Eatherton et al. 2014; Wiebe and Christopoulos 2015; Bahmani et al. 2017; Binder and 



 3 

Christopoulos 2018; Kashani et al. 2018), and, (4) A combination thereof (Ma et al. 2011; Miller 

et al. 2012; Hashemi et al. 2017; Hashemi et al. 2018). While these methods have proved effective 

in eliminating residual deformations and enhancing the resilience of structures, they are more 

costly and more technically complex when compared to conventional structural systems, making 

their implementation more challenging. An alternative approach is the use of dual systems, which 

provide additional global post-yield stiffness from the elastic response of the back-up system. The 

elastic response of the backup system provides a restoring force which can reduce or eliminate 

second-order P-Delta effects and enhances the global seismic stability of the steel frame. Dual 

systems, which are conceptually shown in Figure 1 (b), have been shown to be quite effective in 

mitigating both peak and residual deformations (Uang and Kiggins 2008; Gupta and Krawinkler 

1999; Alavi and Krawinkler 2004; Lignos and Elkady 2015).  

 

 

 

  
Original System Response of the Secondary System Combined Response  

 (a)  

 

 

  
Original System Restoring Force Combined Response 

 (b)  

Figure 1: (a) Response of a Dual System, and (b) Response of a Self-Centering System 

 

This study presents a low-cost dual system for use in steel EBFs for enhancing the global seismic 

stability of EBFs and for mitigating their peak and residual deformations. A proof of concept was 

recently validated through pseudo-dynamic hybrid simulations (Mortazavi et al., 2024b). This 

paper is focused on a comprehensive numerical study on a reference structure, which adopts the 

proposed system. The proposed dual system, its mechanics, and design considerations are first 

presented. The design of a reference EBF structure, which is designed with the recently developed 

cast steel replaceable modular yielding links is presented. The suite of ground motions that are 

used in the study are presented. The proposed dual system is adopted for the reference structure. 

Numerical models of the reference structure, with and without the proposed dual system, are 

developed. The reference structure is then studied through nonlinear time history analyses. The 

results from the analyses are compared between the original prototype structure and the upgraded 

structure.  
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2. Proposed Dual System 

 

2.1 Overview 

A 3-dimensional rendering of the proposed dual system is shown in Figure 2 (a). The design 

involves having two hollow structural steel (HSS) sections installed in parallel with the yielding 

link, as shown in Figure 2 (a). HSS members are used to avoid lateral torsional buckling. The cast 

steel link was also designed to feature tapered hollow box regions to facilitate distributed plasticity 

and to avoid lateral torsional buckling, and the need to laterally restrain the yielding link from 

lateral torsional buckling. One design aspect that had to be addressed was to make sure that the 

HSS beams do not impose any axial restraint on the yielding link. As such, the end connections 

were especially detailed with slotted holes, as shown in Figure 2 (b) and (c), to transfer the flexural 

moments but allow axial movement. The middle-slotted hole is used to transfer the shear demand, 

while the exterior ones are used to transfer the flexural demands. The sleeve connection is welded 

to an endplate, which is connected to adapter connections using high-strength bolts. The adapter 

connections are shop welded to the floor beam. As the system deforms, the HSS beams undergo 

lower localized rotations given that they are longer than the yielding links. Therefore, they 

maintain their elastic stiffness for a larger portion of the response. The elastic stiffness of the HSS 

beams will then generate a post-yield stiffness for the global response of the EBF, which can 

enhance the seismic stability of the system and reduce its peak and residual deformations. The 

proposed dual system has three main advantages: (1) The system relies on auxiliary HSS elements 

as the backup system, which can easily be replaced if they experience yielding in extreme events, 

(2) It decouples the added stiffness at each floor (i.e., different HSS size beams can be added at 

each floor), and (3) The proposed design does not impose a significant change to the architectural 

layout of the building and can easily be adopted for both new and existing EBFs.  

 

2.2 Mechanics  

Figure 2 (d) shows an undeformed state of the system, where ey represents the yielding length of 

the link, and eHSS denotes the length of the HSS member. The corresponding deformed shape is 

depicted in Figure 2 (e), demonstrating that the vertical deformations of both the yielding link and 

the HSS beams are equal (ΔLink = ΔHSS). Therefore, they perform as two springs in parallel.   

 

Before yielding, the lateral stiffness of the EBF is influenced by all structural components, 

including the yielding link, columns, beams, and braces. However, once the link undergoes 

yielding, the global response is primarily driven by the yielding link, while the beam-column-brace 

assemblies rotate as rigid bodies. In this system, the HSS beams contribute to the post-yield 

behavior, meaning their dimensions can be selected to achieve the desired post-yield stiffness ratio 

(PYSR), KReq. Since the HSS beams are substantially longer than the yielding links, their response 

is dominated by flexural deformations, with shear deformations being negligible. Given their 

boundary conditions, the stiffness of the HSS member can be determined as follows:  

 

𝐾𝑅𝑒𝑞.
2

⁄ = 𝐾𝐻𝑆𝑆 = (
12𝐸𝐻𝑆𝑆𝐼𝐻𝑆𝑆

𝑒𝐻𝑆𝑆
3

 ) (1) 

where EHSS is the modulus of elasticity of the steel material of the HSS beams, IHSS is the moment 

of inertia of the HSS beam about its axis of bending, and eHSS is the length of the HSS beams. 
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 (f) 

Figure 2: Proposed Re-Centering System: (a) 3D Rendering, (b) Connection Detail, (c) Connection Parts, 

(d) Undeformed Shape, (e) Deformed Shape, and (f) Connection Design Forces 
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The required stiffness (Kreq) can be selected to target a desirable PYSR. For instance, KReq can be 

selected to counter the negative stiffness caused by P-Delta effects. While specifying the target 

KReq, the length of the HSS member (LHSS) can be selected. Afterwards, the required moment of 

inertia of the HSS member (IHSS) is determined from Equation (1). It must be noted that KHSS in 

Equation (1) is taken as half of KReq, given that the system incorporates two HSS members. Several 

factors can be considered when specifying the HSS beam’s length, depth, and material yield 

strength, which will be discussed in Section 2.3. 

 

The proposed connection detail for attaching the HSS member to the floor beam is illustrated in 

Figure 2 (f), along with the design forces acting on the bolts within the slotted holes. In practice, 

the shear force from the HSS member is evenly distributed among the three bolts. However, the 

bending moment is primarily transferred through the two outer bolts. For design purposes, as a 

conservative approach the central bolt is designed to carry the entire shear force associated with 

the probable flexural capacity of the HSS beam (i.e., Fb2 = Vpr-HSS = Mpr-HSS/eConn, where eConn is 

the distance between the two end connections as shown in Figure 2 (d)). The two side bolts are 

designed to resist the probable moment capacity of the HSS beam (Mpr−HSS) through a couple 

action, in addition to carrying one-third of the total shear force (i.e., Fb1 = Fb3 = Mpr-HSS /2s + Vpr-

HSS/3, where s is the horizontal distance between the bolts). The forces acting on the welds 

connecting the adapter plate to the floor beam are also shown in Figure 2 (f). The welds on the top 

and bottom stiffeners are designed to resist the force associated with the probable bending moment 

capacity of the HSS beam (i.e., Fw1 = Mpr-HSS /S, where S is the vertical distance between the two 

stiffeners). The remaining welds including the welds on the middle stiffener and the weld on the 

adapter plate (see Figure 2) are relied upon to transfer the shear force from the HSS beam. 

Alternative connection details may also be used, provided they effectively transfer moment and 

shear while preventing axial restraint. 

 

2.3 Design Considerations 

The HSS beams should be sufficiently long to ensure a flexural-dominant behavior. However, 

when targeting a specific post-yield stiffness, excessively increasing the length of the HSS would 

require a heavier section to maintain the same vertical stiffness. Additionally, significantly longer 

HSS beams could generate higher bending moments at their ends, increasing the demands on the 

end connections. Therefore, selecting an appropriate HSS length requires engineering judgment. 

Based on initial design iterations and subsequent analyses, an optimal e_HSS typically falls between 

3×ey and 6×ey. This range helps ensure that the end moments of the HSS beams are transferred to 

the adjacent beams outside the link in regions with minimal bending moment (i.e., near the moment 

diagram’s inflection points when the link is yielding). Furthermore, this range facilitates efficient 

and practical detailing of the HSS end connections for most EBF configurations. 

 

Another design aspect is choosing the depth of the HSS beams. If two HSS members with different 

depths have the same length and moment of inertia, they will undergo identical rotations and 

curvatures under a given EBF global deformation. However, the deeper HSS section will 

experience greater strain at its extreme fibers. As a result, a deeper HSS beam is more likely to 

yield at a lower link rotation, thereby eliminating the intended post-yield stiffness contribution at 

an earlier stage of the response. To ensure the HSS remains elastic up to the target link rotation 

(i.e., 0.09 radians of total rotation), its depth must be carefully selected. 
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The yield threshold of the HSS beams can also be adjusted by selecting higher-strength HSS 

sections. While HSS members with yield strengths of 300–350 MPa are more commonly used, 

higher-strength options with yield strengths of 700 MPa, 900 MPa, 1100 MPa, and even 1300 MPa 

may be available commercially (Ma et al. 2017). These higher-strength materials can be utilized 

to control the yield initiation of the HSS beams relative to the yielding link’s rotation. In North 

America, HSS grades with yield strengths of 485 MPa, 550 MPa, 620 MPa, 690 MPa, and 760 

MPa are more readily accessible (AISC 2018) and can be incorporated into design applications as 

needed. 

 

3. Prototype Building Structure 

 

3.1 Original Building Design 

The prototype structure is a four-story office building located in downtown Los Angeles on site 

class C, designed and detailed by Mortazavi et al. (2023c). The building is shown in Figure 3. The 

seismic force-resisting system (SFRS) in the north-south direction is formed by special moment-

resisting frames (SMRFs). In the east-west direction, the SFRS is formed by eight eccentrically 

braced frames (EBFs). The EBFs were designed with cast steel modular yielding links. The 

structural design followed the ASCE 7-16 standard (2016), with modifications for the 

implementation of cast steel links in the EBFs (Mortazavi 2023). Notably, the maximum allowable 

link rotation was increased to 0.12 radians due to the enhanced rotational capacity of cast steel 

links. All steel components were designed and detailed per AISC 360-16 (2016) and AISC 341-

16 (2016). The cast steel yielding links were sized to have a nominal plastic shear capacity of 445 

kN in floors one and two, 343 kN on the third floor, and 200 kN on the fourth floor. The EBF 

columns below the splice were designed as W310×79 sections, while those above the splice were 

W310×45. The braces were specified as W200×71 sections for the first and second floors, with 

W200×52 and W200×46 sections for the third and fourth floors, respectively. The beams were 

selected as W410×67, W410×60, W360×51, and W250×39 for stories one through four, 

respectively. The building's seismic weight was determined to be 4321 kN, 4308 kN, 4292 kN, 

and 3633 kN for floors one through four, resulting in a total seismic weight of 16,550 kN. 
 

 

      

 

 

 

Figure 3: Illustration of the Prototype Four-Story Office Building with Steel EBFs (all dimensions in 

meters) 
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3.2 Adoption of the Dual System for the Reference Building 

The elastic stiffness of the cast steel yielding links that were used in the reference EBF were 85 

kN/mm for the first and second floor, 67.5 kN/mm for the third floor, and 38 kN/mm for the fourth 

floor. After a thorough parametric study, the optimum post yield stiffness ratio was determined to 

be between 7% to 7.5% (Mortazavi et al. 2024b). The inherent post-yield stiffness of cast steel 

replaceable links is approximately 3.5% determined from experimental results. Consequently, the 

two HSS members at each floor must be selected to contribute an additional 3.5% to 4% post-yield 

stiffness to the yielding link. The HSS beam length was set at four times the yielding link length 

(i.e., eHSS = 4×ey = 2845 mm). Using a required stiffness (KReq.) equal to 4% of the yielding link’s 

elastic stiffness, the moment of inertia of the HSS beams (IHSS) is determined, and HSS sections 

are selected. The selected HSS sections are summarized in Table 1.  

 
Table 1: Design of the Dual System  

Yielding

Links 

eHSS = 4×ey (used in the design) 

HSS Section 
IHSS 

(mm4) * 

Added 

PYSR 

(%)** 

γLink 

(My)⸸ 

γLink 

(Mp)Ϯ 

EBF100 HSS178×127×6.4 15.8×106 3.9 0.096 0.116 

EBF77 HSS178×127×4.8 12.4×106 3.8 0.096 0.116 

EBF45 HSS152×76×6.4 7.47×106 4.1 0.112 0.143 
                                                                                           *Moment of inertia for one HSS beam 
                                                                                         **Added post-yield stiffness at each floor from both HSS beams 
                                                                                         ⸸ Link rotation associated with HSS beam reaching My reported for Fy-HSS = 900 MPa 
                                                                                         Ϯ Link rotation associated with HSS beam reaching Mp reported for Fy-HSS = 900 MPa  

The HSS end bending moment (MHSS) can be found using Equation (2), given an assumed flexural 

dominant response in double curvature for the HSS beams. In Equation (2), Δ is the vertical 

deformation of the HSS beams, which is equal to the vertical deformation of the yielding link. 

Therefore, Δ can be expressed as shown in Equation (3). In addition, MHSS can be replaced with 

the plastic moment capacity of the HSS beams (Mp-HSS), as shown in Equation (4).  

𝑀𝐻𝑆𝑆 = (
6. 𝐸𝐻𝑆𝑆.𝐼𝐻𝑆𝑆

𝑒𝐻𝑆𝑆
2

 ) . 𝛥 (2) 

𝛥 = 𝛾𝐿𝑖𝑛𝑘 . 𝑒𝑦 (3) 

𝑀𝑝−𝐻𝑆𝑆 = 𝑍𝐻𝑆𝑆. 𝐹𝑦−𝐻𝑆𝑆 (4) 

In the above equations, EHSS is the modulus of elasticity of the HSS steel material, IHSS is the 

moment of inertia of the HSS beam, eHSS is the length of the HSS beam, γLink is the rotation of the 

yielding link, ey is the length of the yielding link, Fy-HSS is the yield strength of the HSS material, 

and ZHSS is the plastic section modulus of the HSS beams. 

 

Assuming an idealized elastoplastic response for the HSS beams and substituting Equations (3) 

and (4) into Equation (2), a relationship between the material yield strength of the HSS beams and 

the link rotation at which the HSS beams has reached its plastic moment capacity can be obtained, 

which is given in Equation (5). 

 

𝛾𝐿𝑖𝑛𝑘 = (
𝑍𝐻𝑆𝑆. 𝐹𝑦−𝐻𝑆𝑆. 𝑒𝐻𝑆𝑆

2

6. 𝐸𝐻𝑆𝑆. 𝐼𝐻𝑆𝑆 . 𝑒𝑦

 ) (5) 
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The link rotation that is obtained from Equation (5) is the rotation beyond which the HSS beams 

reach their plastic moment capacity. Therefore, after this link rotation the HSS beams will not 

provide the system with any significant post-yield stiffness.  

 

The dual system adopted for the reference structure was designed with HSS members with 

different grades of steel to evaluate the effect of yield stress on the response. The yield stress values 

that were used in the design included 700 MPa, 900 MPa, 1100 MPa, and 1300 MPa. The link 

rotation at which the secondary HSS beams yield for each steel grade are shown in Figure 4. The 

yield rotation is also shown for Fy-HSS = 350 MPa as a common yield strength for most steel grades, 

which shows the effectiveness of using higher steel grades. Alternatively, the HSS beams can be 

designed to be longer (i.e., 5×ey or 6×ey) to increase the rotation range in which the HSS beam 

stays elastic. 

 

 
Figure 4: Effect of Increasing Fy-HSS on the Elastic Response Range  

 

4. Seismicity and Ground Motions 

The ground motions used in the study are shown in Figure 5, which were originally selected and 

scaled to be representative of the seismicity of downtown Los Angeles and match the design target 

spectrum of the site over an extended period range, covering the period range of interest for the 

reference structures as well (i.e., 0.2T1 – 2.0T1). The suite of ground motions includes 40 records 

from the Pacific Earthquake Engineering Research Centre (PEER) ground motion database (PEER 

2020). The complete list of ground motions and scale factors used are provided by Mortazavi et 

al. (2024a).  

 
Figure 5: PSA of the Suite of Ground Motions used in the Study 
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5. Seismic Performance Assessment  

 

5.1 Modelling Approach 

The modeling approach for cast steel yielding links follows the methodology proposed by 

Mortazavi et al. (2023c). As illustrated in Figure 6, the links are represented in OpenSees using a 

series of forceBeamColumn elements with fiber sections to capture both the flexural and axial 

behavior, including their interaction. The shear response of each section is separately modeled and 

incorporated using a section aggregator command. The elastic segment of the link is represented 

by a single forceBeamColumn element, while the yielding region is discretized into eleven 

elements to account for the tapering in this area. 

 

The steel material is modeled using the Steel02 (GMP) material in OpenSees, with parameters b, 

Ro, cR1, cR2, a1, a2, a3, and a4 set to 0.003, 20, 0.92, 0.15, 0.025, 1, 0.025, and 1, respectively. 

The modulus of elasticity and yield strength of the steel are taken as 200,000 MPa and 330 MPa, 

based on coupon test results. Additionally, the link end plates are modeled as rigid elements. 

Further details on the modeling approach can be found in Mortazavi et al. (2023c). 

 
 

 

 

 

 

 

 

 
 

Figure 6: Numerical Modelling Approach for Cast Steel Replaceable Modular Yielding Links 

 

The global modelling approach for the reference EBF is shown in Figure 7, which was modeled in 

OpenSees. Since the structure is symmetrical in plan, torsional effects were ignored, and a two-

dimensional model was developed. The seismic mass for each floor was distributed equally as M/2 

to each node. 

 

To account for global P-Delta effects, an elastic leaning column was included in the numerical 

model, with a weight corresponding to one-eighth of the total building weight. The beams, 

columns, braces, and HSS beams were modeled using beamWithHinges elements with fiber 

sections. The steel material for elements outside the links was modeled using the Steel02 material 

with a 2% post-yield stiffness and a yield stress of 345 MPa. The parameters Ro, cR1, and cR2 

were taken as 18, 0.925, and 0.15, respectively (Mojiri et al., 2021), while additional hardening 
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parameters were assigned default values. The yield strength for the HSS beams was taken as the 

design values discussed earlier.  

 

All connections were modeled as rigid, except for the base column connections. Proper rigid end 

offsets were included to account for the additional stiffness at the intersection of beams and 

columns and the presence of gusset plates. The HSS beam-to-floor beam connections were 

modeled to restrain shear and bending moment actions while allowing free axial movement. 

 

The periods of the first two modes of vibration for the reference EBF were found to be 0.53 s and 

0.21 s without the HSS beams. After incorporating the HSS beams, the periods changed slightly 

to 0.526 s and 0.207 s. This negligible change in structural periods confirms that the added stiffness 

of the HSS beams does not significantly alter the elastic stiffness of the structure, ensuring that the 

design base shear remains nearly unchanged. An inherent viscous damping of 3% was assumed in 

the first two modes in the numerical model.  

 

 

 

 

 

 

 

 
Figure 7: Illustration of the Global Numerical Model 

 

5.1 Results 

The response of the reference structure, with and without the dual system, is evaluated under the 

suite of selected and scaled ground motions at both design basis earthquake (DBE) level and the 

maximum credible earthquake (MCE) level. For the design featuring the proposed dual system, 

the response is evaluated with different yield strengths for the HSS beams including 700 MPa, 900 

MPa, 1100 MPa, and 1300 MPa. The mean values of maximum transient and residual drifts, and 

maximum and residual link rotations along the building height are shown in Figure 8 for each 

design.  Both transient drifts and link rotations are reduced as a result of using the proposed dual 

system. As can be observed, the residual drifts are controlled effectively, even at the MCE level, 

with the mean value being less than the threshold of being perceivable by the building occupants 

(i.e., less than 0.5%). Residual link rotations are also controlled well. As expected, the largest 

reduction was obtained for the HSS with the highest grade of steel. Previous experimental studies 

on EBFs with cast steel replaceable yielding links have shown that even after three back-to-back 

MCE level records, the yielding links can still survive the loading protocol for qualification of 

EBF links. Therefore, given that the global residual drift levels are well below levels that would 

be perceivable by occupants, replacing the link may not be necessary and the building may 
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continue to be used after repairs to non-structural elements. Using longer HSS beams (i.e., 7×ey) 

can further reduce the residual link rotations, to remove the need for any re-centering even after 

an MCE level earthquake. 

 

The response of the reference structure with and without the dual system under the DBE level suite 

of records is shown in Figure 9. A similar trend is observed in the response, but with a more 

effective reduction in residual drifts and residual link rotations, with the latter reduced to a level 

that replacing the yielding link can be achieved without the need to re-center the structure. 

 

Figure 8: Response of the Reference Structure with and without the Re-Centering Mechanism under the 

MCE-Level Earthquakes: (a) Drift, (b) Residual Drift, (c) Link Rotation, and (d) Residual Link Rotation  

 

Figure 9: Response of the Reference Structure with and without the Re-Centering Mechanism under the 

DBE-Level Earthquakes: (a) Drift, (b) Residual Drift, (c) Link Rotation, and (d) Residual Link Rotation  

 

The acceleration response along the height is shown in Figure 10 at both MCE and DBE level 

hazards. The results show that using the proposed dual system increases the accelerations along 
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the heigh by almost 20%. Therefore, the acceleration response must carefully be examined when 

adopting dual systems, especially in buildings housing sensitive equipment where an increase in 

acceleration levels can be critical.  

           

Figure 10: Acceleration Response of the Reference Structure with and without the Re-Centering System 

at (a) MCE-Level Shaking, and (b) at DBE-Level Shaking 

 

6. Summary and Conclusions 

This paper presents a numerical study on a recently proposed dual system for steel EBF structures 

(Mortazavi et al 2024b), with the aim to mitigate global and local residual deformations. The proof 

of concept of the proposed system was recently validated through hybrid simulations using only 

three earthquake records. In the present study the response of a four-story reference EBF building 

was evaluated under a large set of earthquake records, with and without the proposed dual system, 

to assess whether the findings from the previous hybrid simulations can be extended to a larger set 

of earthquakes. The study leads to the following conclusions. 

 

• The proposed system is effective in enhancing the global seismic stability of the system. 

This is evident given that the proposed system was effective in reducing both peak and 

residual deformations in the system at MCE and DBE level shakings. 

 

• The dual system reduced the global residual deformations (drifts) to levels that are not 

perceivable by the occupants (i.e., less than 0.5%). Therefore, if cumulative plastic demand 

experienced by the yielding links are minimal, the building can continue to be operational 

after an MCE level earthquake without the need for major structural repairs. The residual 

link rotations at the MCE level are also reduced. Therefore, replacing the yielding links 

would be much simpler compared to the original design without the dual system 

 

• At the DBE level shaking, the proposed dual system reduced the residual link rotation 

values to levels that makes them replaceable after an earthquake.  

 

• The only drawback when using the dual system is an increase in accelerations. In particular, 

it was shown that the accelerations along the height can increase by up to 20%. 
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• The results from this numerical study with a large set of earthquake records are consistent 

with that observed in previous hybrid simulations on the same dual system with only three 

earthquake records.  
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